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ABSTRACT 
Inorganic selenium, oxo-sulfur, and polyphenol compounds are found in foods 
and dietary supplements, and are recognized for their nutritional benefits and their 
potential to treat or prevent diseases caused by oxidative stress. In our experiments to 
determine the effects of inorganic selenium compounds on iron-mediated DNA damage, 
Na2SeO3 and SeO2 exhibit antioxidant and pro-oxidant activities depending on 
concentrations of both the compound and hydrogen peroxide. Additional experiments 
demonstrate that iron coordination is a novel mechanism responsible for the observed 
activities. In similar experiments, oxo-sulfur compounds prevent Cu+/H2O2-mediated 
DNA damage significantly more than DNA damage from Fe2+/H2O2. UV-vis and gel 
electrophoresis experiments also confirm that copper coordination is primarily 
responsible for the DNA damage inhibition, a novel mechanism that extends to all tested 
sulfur and selenium antioxidants. Electrospray ionization mass spectroscopy indicates 
that these sulfur and selenium compounds generally bind Cu+ in a 1:1 ratio. 
Combinations of bioactive components in foods can affect activity of 
antioxidants. For example, adding one equivalent of caffeine to polyphenols has no effect 
on DNA damage prevention by epigallocatechin gallate, but significantly decreases the 
antioxidant ability of quercetin. In addition, DNA damage prevention studies on peach 
extracts indicate that genetically-modified peach cultivars prevent more DNA damage 
than unmodified cultivars. In contrast, tetraphenyl-porphyrin-doped conjugated polymer 
dot nanoparticles cause DNA backbone and base damage upon irradiation, suggesting 
that these nanoparticles may be efficient photosensitizers for photodynamic therapy 
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(PDT). Our studies also show H2O2 formation by and iron association with polyethylene 
glycol (PEG) and PEG-functionalized beads at biologically-relevant concentrations. 
Since Fe2+ and H2O2 react to form damaging hydroxyl radical, use of PEG-functionalized 
nanoparticles in medical applications may cause oxidative stress. Overall, this work has 
elucidated of antioxidant and pro-oxidant mechanisms of inorganic selenium, oxo-sulfur, 
and polyphenol compounds, as well as the potential toxicity of functionalized 
nanomaterials used for PDT and other medical applications. 
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CHAPTER ONE 
A REVIEW OF THE ANTIOXIDANT AND ANTICANCER PROPERTIES AND 
MECHANISMS OF INORGANIC SELENIUM, OXO-SULFUR, AND OXO-
SELENIUM COMPOUNDS  
 
Introduction  
The generation of reactive oxygen species (ROS) has dual functionality in 
biological systems, with both beneficial and detrimental effects in cells.1,2 ROS 
generation at low or moderate concentrations aids in the defense against infectious agents 
and functions in several cell signaling pathways.1,2  The damaging effects of ROS such as 
the superoxide anion radical (O2•-), hydrogen peroxide (H2O2), and hydroxyl radical 
(•OH) caused by the overproduction of these species results in oxidative stress, an 
unavoidable consequence of aerobic cellular respiration.1-6 ROS damage to lipids, 
proteins, and DNA1,2,6,7 is a result of this oxidative stress and leads to several health 
conditions including aging,1 cancer,1,8 neurodegenerative diseases such as Parkinson’s 
and Alzheimer’s,9-12 and cardiovascular diseases such as arteriosclerosis.13-16  
Reactive oxygen species are generated during the reduction of molecular oxygen 
(O2) to produce water (H2O) via metabolic processes catalyzed by cytochrome oxidase in 
biological systems.5,17 The primary ROS formed as a byproduct of this respiratory 
process is the superoxide anion radical (O2•-), generated when molecular oxygen gains an 
electron from either the mitochondrial electron transport chain (Reaction 1) or as a result 
of UV-irradiation (Reaction 2).1,4,5,17 Further reduction of O2•-, either directly or through 
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enzyme- or metal-catalyzed reactions, results in the formation of secondary ROS such as 
hydrogen peroxide (H2O2; Reaction 3) and the hydroxyl radical (•OH; Reaction 4).1,4,5,17 
Hydrogen peroxide is also produced directly by protonation of the superoxide radical 
anion in solution (Reaction 3), and indirectly upon oxidation of iron-sulfur clusters 
(Reaction 5).18,19 
O2 + e- → 2 O2•-       (1) 
O2 + hv → 2 O2•-       (2) 
2 O2•- + 2H+ → H2O2 + O2      (3) 
O2•- + H2O2 + H+ → •OH + O2 +  H2O    (4) 
O2•- + [2Fe2+2Fe3+4S] + 2H+ → [Fe2+3Fe3+4S] + H2O2  (5) 
Compared to other ROS, hydrogen peroxide is a non-radical species with 
relatively low reactivity.20  It is one of the more commonly studied ROS, and is produced 
endogenously by various physiological processes including respiratory burst and 
oxidative phosphorylation.21 Calculations to determine the steady-state intracellular 
concentrations of hydrogen peroxide in unstressed E. coli cells determined a value of ~20 
nM,  with a high rate of H2O2 production ranging from 9-22 μM/s.22 Thus, any imbalance 
between the rate of H2O2 generation and decomposition may result in significantly 
increased H2O2 concentrations and resultant oxidative stress.22,23 24   
Linn and colleagues reported bimodal cell killing when E. coli is exposed to 
H2O2. Mode I cell killing occurs at low concentrations of H2O2 (1-5 mM) and is faster 
than Mode II, which occurs at H2O2 concentrations greater than 10 mM.24,25  Mammalian 
cells also show the same bimodal killing as E. coli upon hydrogen peroxide challenge,26 
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and these bimodal kinetics are also observed for iron-mediated oxidative DNA damage in 
vitro, where maximal damage under Mode I conditions occurred at 50 μM H2O2 and for 
Mode II conditions, at H2O2 concentrations >10 mM.24,25,27 Significantly, H2O2 reacts 
with redox-active metal ions to generate hydroxyl radical.5,17,18,20,28 In vivo, hydroxyl 
radical has an extremely short half-life (~10-9 s)29,30 and reacts quickly with biomolecules 
in proximity to its site of generation, resulting in DNA damage, lipid peroxidation, thiol 
depletion, and changes in calcium homeostatsis.1,21,31  
Iron and copper are the most commonly studied redox-active metal ions found in 
biological systems and are essential in many proteins and enzymes, including ferritin, 
transferrin, ceruplasmin, and superoxide dismutase.32 In E. coli, normal intracellular non-
protein-bound (labile) iron concentrations are ~20 μM. However, this concentration 
increases significantly to 80-320 μM upon disruption of iron homeostasis and oxidative 
stress.20,31,33,34 Although the intracellular concentration of non-protein- bound copper was 
calculated to be approximately 10-18 M in yeast, significant amounts of labile copper are 
observed in mouse Golgi and mitochondria.35-37 Studies have also reported extracellular 
copper concentrations in blood serum and cerebrospinal fluid between 10-25 μM and 0.5-
2.5 μM, respectively, whereas copper concentrations in the synaptic cleft are 
approximately 30 μM.38,39 Neural copper concentrations are significantly higher in the 
locus ceruleus (stress and panic response center) and substantia nigra (dopamine 
production region) with concentrations of 1.3 mM and 0.4 mM, respectively.38,40  
In the reduced state, Fe2+ and Cu+ are oxidized by H2O2 to Fe3+ and Cu2+, 
generating hydroxyl radical in the Fenton or Fenton-like reaction (Reaction 6).1,21,28,41-43  
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Fe2+ or Cu+ + H2O2 → Fe3+ or Cu2+ + •OH + OH-                (6) 
This production of •OH becomes catalytic in vivo due to the presence of cellular 
reductants such as NADH, which reduce Fe3+ and Cu2+ back to their reduced forms. In 
fact, iron-mediated generation of •OH is the main cause of oxidative DNA damage and 
cell death in prokaryotes26 and eukaryotes, including human cells, under oxidative stress 
conditions,25,26,43 and is a root cause of several health conditions such as cancer, aging, 
and cardiovascular and neurodegenerative diseases.9,14,43,44 
Cellular defenses against the harmful effects of oxidative stress involve both 
enzymatic and nonenzymatic antioxidant activities.1,4 Enzymatic defense requires 
enzymes such as glutathione peroxidases (GPx), catalases, and superoxide dismutases 
(SOD) that act by directly scavenging ROS or by producing nonenzymatic antioxidants 
such as glutathione (GSH), thioredoxin, ubiquinone, and menaquinone.1,4 Nonenzymatic 
defenses involve antioxidants such as carotenoids, lipoic acid, and vitamins C and E to 
prevent against the damaging effects of oxidative stress.1,45 Both vitamins C and E reduce 
oxidative stress and malformations in the offspring of rats with diabetes.46-48 Studies have 
also focused on various selenium, sulfur, and polyphenol compounds to act as 
antioxidants by preventing ROS-mediated DNA damage.23,49-54  
Selenium has been extensively studied for its antioxidant and cancer preventative 
properties and is an essential trace element in human and animal metabolism.55-58 It is 
found in many dietary supplements and multivitamins in forms such as selenite 
(Na2SeO3), selenate (Na2SeO4), or selenomethionine (SeMet).56,59 Selenite and selenate 
are also found in fertilizers, animal feed, infant formulas, and protein shakes.56,60 
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Selenium is incorporated as selenocysteine (SeCys) in selenoproteins P, W, and R, as 
well as in the active sites of enzymes such as glutathione peroxidases (GPx) and 
thioredoxin reductases.23,52,57,61-63 In cells, these selenoproteins have important 
antioxidant activities and protect the mitochondria, plasma membrane, and DNA from 
oxidative damage by ROS.60,64 For example, GPx is found in the cytosol of cells and 
exerts its antioxidant activity by reducing intracellular hydrogen peroxide to water, 
preventing the generation of ROS.62,63,65-68 Although selenoproteins are a significant part 
of the antioxidant properties of selenium, they have been extensively discussed62,69,70  and 
are not the focus of this review. 
Studies to determine the antioxidant activity of small-molecule selenium- and 
sulfur-containing compounds have focused mainly on the organoselenium and 
organosulfur compounds since they are more bioavailable and are more readily 
incorporated into amino acids and proteins compared to the inorganic forms.62,71 
Consumption of food products high in selenomethionine (SeMet) results in incorporation 
of this amino acid into proteins by replacing its sulfur analog, methionine (Met).72 SeMet 
is also more efficiently absorbed and retained than the inorganic sodium selenite and 
selenate.73 While the organoselenium compounds have received a significant amount of 
attention for their role as antioxidants,49,74-76 several studies indicate that inorganic 
selenium compounds such as selenite, selenate, selenium dioxide (SeO2) and sodium 
selenide (Na2Se; Figure 1.1) also exhibit similar antioxidative properties.23,51,55,57,58,77-79 
 Fruits, vegetables, and dietary supplements also contain oxo-sulfur compounds 
(Figure 1.2) such as allicin, methylcysteine sulfoxide (MeCysSO), methyl methane 
5 
 
NH2
OH
O
Se
H2N
HSe OH
O O
Se
OHH3C
Se
O O
Se
O
OH
NH2
Na+ Na+Se2-
O- O-Na+ Na+
O
Se
-O O-Na+ Na+
O
Se
O
Methyl selenic
 acid (MSeA)
Selenium dioxide 
(SeO2)
Sodium selenide 
(Na2Se)
Sodium selenite 
(Na2SeO3)
Sodium selenate 
(Na2SeO4)
Selenomethionine
(SeMet)
Selenocysteine
(SeCys)
Methylselenocysteine
(MeSeCys)  
Figure 1.1. Structures of inorganic and other selenium compounds discussed in this 
chapter. 
 
thiosulfonate (MMTS), and dimethyl sulfone or methylsulfonyl methane (Me2SO2), 
which are also effective in preventing oxidative damage to cellular components.53,54,80-86 
Understanding the effects of oxidation on the antioxidant properties of organosulfur 
compounds is also important because compounds such as methionine are susceptible to 
oxidation by ROS.87-89 To prevent the disruption of protein function upon methionine 
oxidation to methionine sulfoxide (MetSO), cells have dedicated methionine reductase 
enzymes (Msr) to reduce MetSO back to Met.88,90-93 
Research has focused primarily on the ability of organoselenium and organosulfur 
compounds in their reduced forms to prevent oxidative DNA damage and to treat or 
prevent diseases caused by oxidative stress. However, it is important to acknowledge the 
fact that inorganic selenium and oxo-sulfur compounds are abundant in many food 
products such as dietary supplements, protein shakes, infant formulas, fruits, and 
vegetables. This review will therefore discuss the role and biochemical mechanisms of 
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inorganic selenium, oxo-selenium, and oxo-sulfur compounds to act as antioxidants and 
pro-oxidants, both in vivo and in vitro, for the treatment or prevention of ROS-mediated 
diseases. 
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Selenium bioavailability, related pathologies, and biological effects 
Selenium is an important micronutrient for both humans and animals and is 
obtained through the diet from several sources including cereals, grains, nuts, vegetables, 
meat, and seafood.62,94,95 The recommended daily allowance (RDA) for selenium ranges 
from 55 to an upper limit of 350-400 μg/day, and daily intake comes from dietary 
supplementation and foods rich in this mineral.56,96  Although selenium toxicity has been 
observed for supplementation greater than 400 µg/d,60,97 it is important to note that some 
studies conducted with a selenium intake ranging from 750 to 850 μg/d (~0.01 mg/kg) 
reported no signs of selenium toxicity in humans.98,99 Animal studies reported selenium 
toxicity within 12 h upon supplementation of 2 mg/kg selenium.100,101 These seemingly 
contradictory results of selenium toxicity in humans highlight the need for additional 
studies to establish accurate upper level RDA values for selenium supplementation. 
The selenium content of plant and animal products in the diet is important to 
maintain adequate selenium status and is highly dependent on regionally-variable 
selenium concentrations in soil.48,56,62,63,66,68,99 In the United States, for example, soil in 
northern Nebraska and the Dakotas has high selenium levels, but areas such as the 
Keshan province of China and some parts of Finland, New Zealand, Australia, and North 
America (northeast, northwest, Midwest, and southeast regions) have low soil selenium 
levels.66,68,99,102-105 To increase the selenium content in soils, and therefore increase 
animal and human consumption of selenium, these countries have implemented the use of 
fertilizers enriched with selenite or selenate for agricultural crops.106-110 In the United 
States, selenite supplementation in animal feed has been shown to improve animal 
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performance and increase the selenium dietary intake for Americans consuming meat 
products.60   
 
Pathologies associated with selenium deficiency and toxicity 
Selenium deficiency occurs in regions where the selenium content in soil is low 
and can result in diseases such as hypothyroidism, weakened immune defenses, and 
cardiovascular diseases.63,111,112 Keshan disease is a cardiomyopathy endemic to the 
Keshan province of China. This disease affects young children and women of child-
bearing age as a result of low iodine and selenium content in food products, leading to 
low blood plasma selenium levels.113-117 The average intake of selenium for the 
development of symptoms due to deficiency was 10 μg/d with symptoms such as 
congestive heart failure, stroke or sudden death.62,117 
Also resulting from low selenium and iodine intake is the endemic 
osteoarthropathy known as Kashin-Beck disease found in several areas of China.115,116 
Bone and joint deformations in growing children are characteristic of this disease.118 The 
average serum selenium levels of patients with Kashin-Beck disease is significantly 
lower (11 ng/mL) than those without these mineral deficiencies (60-105 ng/mL).119 
Serum thyroxine levels are also much lower in patients with Kashin-Beck disease, 
resulting in higher incidences of goiter than those unaffected by the disease.120 In farm 
animals, selenium deficiency causes a muscular dystrophy known as white muscle 
disease.68 This disease usually affects growing animals such as lambs and calves between 
1 and 3 months old with symptoms including stiffness, inability to move, weakness, 
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tiredness, accelerated breathing, elevated temperatures, difficulty in feeding, and 
death.68,121    
Intake of selenium higher than the upper limit range 350-400 μg/d56,96 of the RDA 
is also of major concern to humans and animals since it can result in selenium toxicity or 
selenosis.60,97 Acute selenosis is caused by consumption of high levels of selenium in a 
short period of time. Upon ingestion of 17.2 μg/mL selenium due to incorrect dosage in 
animal feed, pigs showed signs of acute selenium toxicity, including paralysis, 
hyperesthesia, anorexia, and tremors.97,122 Signs of acute selenosis in buffalo include 
anorexia, alopecia, mild convulsions, and lowered body temperature.97,123,124 Symptoms 
of chronic selenosis include hair loss, deformation or cracks on the skin, horns, and 
hooves of animals, resulting in the sloughing of hooves and staggering.60,97,125 In humans, 
signs of selenosis include garlic breath, hair and nail loss, thickened and brittle nails, 
teeth deformation, skin lesions, and lowered hemoglobin levels upon dietary selenium 
intake of 5 mg/d.98   
Although countries have implemented the use of fertilizers containing selenite and 
selenate to supplement foods grown in selenium-deficient soil, the effects of selenium 
supplementation vary for each of these inorganic selenium compounds. In an attempt to 
prevent or reduce the prevalence of selenium deficiency diseases in China, both selenite 
and selenate were introduced into the soils of rice crops.117 In unsupplemented soil, 
selenium content is extremely low, less than 0.06 μg/g. Rice crops grown in selenite- or 
selenate-enriched soils had significantly increased selenium levels of 0.471 μg/g and 0.64 
μg/g, respectively, with no adverse effects on the plants.117 In Chile, ryegrass 
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supplemented with 0.1 μg/g selenite or selenate increases selenium content from 0.07 
μg/g for grass grown in untreated soil to 0.28 μg/g and 5.72 μg/g, respectively.66 Soil 
enrichment at higher levels of selenate (4-10 μg/g), resulted in stunted growth of 
ryegrass, with selenium content ranging from 150 to 247 μg/g.66 Surprisingly, selenite-
enriched soils (6-10 μg/g) decreased lipid peroxidation in the plants, whereas selenate 
supplementation of soil at the same levels had the opposite effect. Higher lipid 
peroxidation levels for plants grown in selenate supplemented soil may account for the 
observed stunting of plant growth.66  
 Because inorganic forms of selenium effectively increase selenium levels in plant 
crops and prevent selenium deficiency diseases in people that consume them, it is 
important to understand the effect of selenite and selenate supplementation in crops. 
Plants more efficiently absorb selenate, as indicated by the higher concentrations of 
selenium in plants supplemented with selenate as compared to selenite supplementation, 
but selenite may be safer to use in fertilizers, since there are fewer adverse effects with 
supplementation at high concentrations.66  
To better treat selenium deficiency and to prevent selenium toxicity, an accurate 
evaluation of the effects of inorganic selenium compounds in fertilizers is required. 
Selenite- and selenate-enriched pastures and salt licks are also used to increase selenium 
concentrations in livestock.68 It is therefore also important to understand the effects of 
this supplementation on animals, and further studies are necessary to determine the 
appropriate levels and forms of inorganic selenium supplementation that are most 
effective.  
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In humans, selenium deficiency causes poor immune response by reducing T-cell 
counts and impairing lymphocyte proliferation and response.63,126 Studies have shown 
that human supplementation of 200 μg/d of sodium selenite over an eight-week period 
resulted in enhanced T-lymphocyte response.127 In HIV and AIDS patients, selenium 
deficiency is associated with decreased immune cell count, higher rates of disease 
progression, and increased risk of death.128,129 Additionally, selenium was found to 
protect cells from oxidative stress, resulting in slower progression of this disease.130  
A study performed over a period of 5 years on HIV-positive children found that 
those with low selenium levels died at a younger age than patients with higher selenium 
status.131 These experiments were corroborated by another study involving HIV-positive 
men and women that linked increased death rates with selenium deficiency.132,133 Clinical 
studies performed on male patients with AIDS and AIDS-related complex (ARC) showed 
that blood selenium levels increased upon supplementation of 400 μg/d Se-enriched yeast 
from 0.142 μg/mL to 0.240 μg/mL over a period of 70 days.134,135 Similar results were 
also observed in AIDS patients supplemented with sodium selenite (80 μg/d).134,136 These 
investigations indicate that both organic and inorganic selenium supplementation is 
effective for the treatment of patients with immune deficiencies.133 
Numerous studies indicate that selenium also plays an important role in cancer 
prevention and treatment.48,137,138 In a random, double-blind cancer prevention trial, the 
incidence of prostate cancer was reduced by 63% compared to the placebo group upon 
selenium supplementation of 200 μg/d as selenium-enriched yeast. Similar studies also 
showed a significant decrease in lung and colorectal cancers, as well as in total cancer 
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mortality rates.139,140 In a separate trial, patients with uterine cervical carcinoma were 
found to have low glutathione peroxidases and selenium levels.141  
 
Antioxidant and anticancer activities of inorganic selenium compounds 
ROS generation is directly linked to cellular and DNA damage and is the primary 
cause of many diseases.9,14,18,44,142 Antioxidants have been used to prevent or reduce the 
effects of ROS-mediated DNA and other cellular damage, and selenium has been 
extensively studied for its antioxidant properties.55,57,58 Inorganic selenium compounds 
can also act as pro-oxidants to produce DNA damage and cell death, an activity that plays 
an important role in the treatment of cancer.23,51,143-146 Although sometimes confused in 
the literature, this distinction between antioxidant (cancer prevention) and pro-oxidant 
(cancer treatment) behavior is important to make, since the chemical and cellular 
mechanisms behind each type of activity are distinct.  The behavior of these inorganic 
selenium compounds is complex, and in several studies, both antioxidant and pro-oxidant 
behavior have been observed for the same selenium compound depending on 
experimental conditions. 
The main inorganic selenium compound used in most cancer treatment studies is 
sodium selenite; however, a few studies use other forms, such as sodium selenate and 
selenium dioxide.57,62,143-145,147,148 Selenate and selenite (0.1 μg/mL) are effective dietary 
supplements for the inhibition of tumor cell growth in rodents.145,147 These two  inorganic 
selenium compounds also strongly inhibit the growth of mammalian tumor cells at cell 
cycle phases specific for each compound.144 Selenite-treatment (10 μM) of human 
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lymphocyte cells resulted in accumulation in the S-phase with irreversible growth 
inhibition, whereas selenate-treated (250 μM) cells accumulated in the G2 phase with 
reversible inhibitory effects.144 In a separate study, selenium dioxide (1.5 μM) was found 
to be effective in the enhancement of lymphocyte progression into the S phase of the cell 
cycle in patients with stage IV cancer, resulting in restoration of immune function and 
control of cancer progression.143 Takahashi et al. showed that both selenite  (10 μM) and 
selenium dioxide (100 μM) induced ~ 80% apoptosis in human oral squamous carcinoma 
(HSC-3) cells after treatment for 72 h, whereas selenate had no effect on cell survival.57  
Brumaghim et al. have shown that inorganic selenium compounds exert both 
antioxidant and pro-oxidant activities against iron-mediated oxidative DNA damage.23 
Selenite progressively inhibited DNA damage at all concentrations tested (0-5000 μM), 
with 91% inhibition at the highest concentration under Mode I conditions (50 μM 
H2O2).23 Selenate and selenide had no effect on damage under similar conditions, 
whereas SeO2 was found to be both a pro-oxidant and antioxidant, increasing DNA 
damage by 20% at 50 μM, but inhibiting 100% DNA damage at 5000 μM.23 Similar 
studies performed with organoselenium compounds, SeMet (1-1000 μM) showed no 
antioxidant activity, whereas methyl selenocysteine prevented ~ 76% iron-mediated DNA 
damage at very high concentrations (20,000 μM).149  
In contrast, under Mode II conditions (50 mM H2O2), Na2SeO3 showed pro-
oxidant activity at all concentrations tested (0.5-5000 μM), damaging 90 % DNA at the 
highest concentration in the absence of iron. However, SeO2 was an efficient antioxidant 
under similar conditions, preventing 81% iron-mediated DNA damage, whereas Na2SeO4 
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and Na2Se had no effect on such damage.23 The antioxidant behavior of these inorganic 
selenium compounds has been attributed to the oxidation state of the selenium atom, 
rather than the overall charge of the selenium compound.23 Inorganic selenium 
compounds in the +4 oxidation state (Na2SeO3 and SeO2) were more effective 
antioxidants than Na2SeO4 and Na2Se, with selenium oxidation states of +6 and -2, 
respectively.23 In a separate study Hamilton et al. found that Na2SeO4 (6.2 mM) was 
effective at inhibiting DNA damage caused by alkylating agents.77  
 High levels of selenite (1 μg/mL) were also shown to increase thioredoxin 
reductase activity twofold in rat kidney, liver, and lung tissues as compared to rats with 
normal selenite intake (0.1 μg/mL).150 In human colon cancer cells supplemented with 
various dosages of selenite (0.1, 1, and 10 μM), thioredoxin reductase activity increased 
with increasing selenium concentration, resulting in a 65-fold increase at the highest 
concentration tested.151   
Although these studies make a strong case for selenium supplementation for the 
prevention or treatment of cancer, additional studies are required to better compare and 
elucidate the structural and chemical properties of inorganic selenium compounds that 
contribute to antioxidant or pro-oxidant behavior. For example, while selenite has been 
shown to be a more effective antioxidant compared to selenate in many studies, selenite 
can also oxidatively damage DNA under conditions of oxidative stress. This pro-oxidant 
effect is not observed with selenate, suggesting that selenate may be safer for use in 
human or animal supplementation.  
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Selenium speciation and anticancer activity  
Selenium bioavailability differs for organic and inorganic compounds, and studies 
have shown that the formulation of the selenium compound, and not the presence of the 
element itself, is essential for chemopreventative activity.152-154 It is therefore critical to 
elucidate the specific selenium compounds that are required for such activity. For 
example, sodium selenite (5-10 μM) introduced into cell culture media induced DNA 
single strand breaks and cell death via necrosis.152,153,155,156 Organoselenium compounds 
(10-50 μM), however, caused cell death by apoptosis with no DNA single strand 
breaks.152,153 Similar results were obtained in a separate study by Thompson et al. to 
determine the effect of selenium form on mouse mammary carcinoma cells.157 Although 
all selenium compounds tested inhibited cell proliferation and induced cell death, selenite 
and selenide induced both DNA single- (51-59%) and double-strand breaks (4.8-14.6 %) 
in a concentration-dependent manner (1-5 μM); no DNA damage was observed for the 
organic forms, methyselenocyanate (2-7 μM) and methylselenocysteine (20-100 μM).157  
In another study, selenite was found to be more potent than either 
selenocystamine or selenomethionine in inducing apoptosis in mouse keratinocyte 
(BALB/cMK2) cells.142 In this experiment, selenite (10 μg/mL) produced 100% 
apoptosis, whereas selenocystamine produced 2.8% apoptosis at the same 
concentration.142 Selenocystamine (250 μg/mL) was capable of inducing 100% apoptosis, 
whereas selenomethionine (5-250 μg/mL) showed no effect with BALB/cMK2 cells.142 A 
study to determine whether sodium selenite and methylselenic acid (MSeA) repressed 
interleukin-6-mediated (IL-6) androgen receptor action in prostate cancer progression 
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indicated that selenite significantly inhibited IL-6 activity in human prostate cancer 
(LNCaP) cells, but MSeA did not.158  
Although these investigations indicate that the inorganic forms of selenium may 
be more effective for the prevention or treatment of diseases compared to the organic 
forms, further studies are necessary to evaluate the effects of selenium speciation for such 
purposes. While most studies have focused solely on selenite, the examination of other 
inorganic selenium compounds such as selenate, selenide, and selenium dioxide, in 
addition to organoselenium compounds, in antioxidant and anticancer experiments would 
aid in understanding the effects of selenium speciation within these inorganic and organo- 
selenium compounds on ROS-induced DNA damage and cell death. 
 
Mechanisms of antioxidant and anticancer activity for inorganic selenium compounds 
While the precise mechanisms of cancer prevention or treatment has not been 
elucidated for inorganic selenium compounds, several reports indicate that the protection 
against oxidative damage may involve selenoproteins, such as GPx and thioredoxin 
reductase, and may require supranutritional levels of selenium.55,150,151,159-168 One 
proposed mechanism for the effects of cancer treatment by selenium compounds is the 
direct action of pro-oxidant selenometabolites to generate ROS, resulting in cellular 
toxicity.57,148,169  
This ROS-generation mechanism involves the metabolism of selenite and selenate 
to generate hydrogen selenide (H2Se), a by-product of selenium metabolic pathway.148,170-
172 High levels of selenide can then react with oxygen to produce ROS resulting in 
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oxidative damage to cells.148,170,171 It has been suggested that the cytotoxicity of inorganic 
selenium compounds such as selenite and selenium dioxide is due to the formation of 
selenotrisulfides (RSSeSR), such as selenoglutathione, upon reaction with disulfide 
peptides or proteins (Reaction 7).148,170,171 In more recent studies, this mechanism has also 
been attributed to the pro-oxidant effect of inorganic selenium compounds in different 
cell lines.57,142,173-175 
This proposed mechanism for selenite cytotoxicity has been further supported by 
generation of superoxide upon reduction of selenotrisulfide (GSSeSG) to 
selenopersulfide anion (GSSe-).148 The selenopersulfide anion, in turn, is reduced by 
thiols to generate H2Se (Reactions 7-9).148 Selenide then reacts with oxygen to form 
elemental selenium (Se0) and O2•- (Reaction 10).148,170,171 Studies showing that selenite 
and selenium dioxide, but not selenate, are cytotoxic via this mechanism have been 
previously reviewed by Spallholz.148 
SeO32- + 4GSH + 2H+ → GSSG + GSSeSG + 3H2O  (7) 
GSSeSG + GSH → GSSG + GSSe- + H+   (8) 
2GSSe- + 4NADPH → 2H2Se + GSSG + 4NADP+  (9) 
H2Se + O2 → Se0 + O2•- + 2H+    (10) 
In contrast, the mechanism for the antioxidant ability of both inorganic and 
organoselenium compounds in preventing iron-mediated oxidative DNA damage is 
through metal coordination between the iron and the selenium compounds.23,149  Since 
Na2SeO3 and SeO2 (0.5-5000 μM) showed no effect on DNA damage produced by 
completely coordinated [Fe(EDTA)]2- (400 μM), coordination of Fe2+ to inorganic 
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selenium compounds is a primary mechanism for both their antioxidant and pro-oxidant 
activities.23 These results were also observed for organoselenium compounds under 
similar conditions.49 For inorganic selenium compounds, oxidation state of the selenium 
atom may play a role in their ability to prevent iron-mediated DNA damage.23 Although 
metal coordination to inorganic selenium compounds has not been directly observed in 
biological systems, iron, copper, mercury, and aluminum react with selenite, selenate or 
selenium dioxide to form complexes such as Fe2(H2O)4(SeO3)2, FeH(SeO3)2, Fe(HSeO3)3 
and Al2(SeO3)3•3H2O,176,177 where iron is coordinated through oxygen atoms of inorganic 
selenium compounds such as selenite (Figure 1.3).  
 
 
Figure 1.3. Coordination of iron to selenite in Fe2(H2O)4(SeO3)2 reported by Xiao et 
al.177 
 
Bioavailability and activity of oxo-sulfur and oxo-selenium compounds 
Fruits, vegetables, cereal, nuts, and teas have been widely studied for their ability 
to ameliorate oxidative stress and their potential to prevent or treat cancer, aging, and 
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cardiovascular diseases.54,62,94,95,178-180 The antioxidant capabilities of many foods are 
attributed to their vitamin, polyphenolic, selenium, and sulfur content.53,54,62 Although 
there are many members of the Allium genus, including onions, leeks, scallions, and 
chives, garlic has been widely studied for its antioxidant activity.53,54,81 For many 
centuries, garlic (Allium sativum Liliaceae) has been cultivated and used in food 
preparation for its distinct flavor and aroma, as well as for its medicinal properties.53,54,81 
Throughout the years, this bulb has been used to treat the plague, animal bites, leprosy, 
and  cancer, as well as bacterial, immune, and cardiovascular diseases.53,54,81,181-188   
The characteristic flavor and aroma of garlic are attributed to the volatile 
organosulfur compounds produced upon tissue damage and enzymatic hydrolysis from 
non-volatile precursors.81,189 The vegetative parts of garlic are odorless and comprised of 
non-volatile sulfur storage compounds known as S-alk(en)yl-L-cysteine sulfoxides.81,189 
These compounds (Figure 1.2) are stored in the cytosol of undamaged Allium tissues 
protected from the enzyme alliinase, which is found in the vacuoles.81,189 Upon tissue 
damage, alliinase and S-alk(en)yl-L-cysteine sulfoxides react to generate sulfenic acid that 
then undergoes condensation to form the volatile thiosulfonate compounds.81,189 The S-
alk(en)yl-L-cysteine sulfoxides detected in garlic and several other varieties of the Allium 
genus are S-allyl-L-cysteine sulfoxide (alliin, ACSO), S-methyl-L-cysteine sulfoxide 
(methiin, MeCysSO, MCSO), S-propyl-L-cysteine sulfoxide (propiin, PCSO) and S-trans-
1-propenyl-L-cysteine sulfoxide (isoalliin, TPCSO).81,189-192  
The medicinal properties of garlic are primarily attributed to the thiosulfonate 
compound, allicin produced from allin by alliinase when garlic is crushed (Figure 
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1.4).193,194 While alliin is the main S-alk(en)yl-L-cysteine sulfoxide found in garlic, and is 
responsible for the volatile odor of cut or crushed garlic, MeCysSO is the most 
ubiquitous found in onions, chives, leeks and scallions in various quantities.81 
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Figure 1.4. Production of allicin from alliin by alliinase. 
 
In folk medicine, cauliflower (Brassica oleracea Liliaceae var. botrytis) is also 
used for its medicinal purposes.80 The juice extracts from raw cauliflower leaves are 
expectorants and are used in the treatment of gastric and duodenum ulcers, whereas the 
stewed leaves have been used as antipyretics or antirheumatics.80 These medicinal 
properties have been attributed to S-methyl methane thiosulfonate (MMTS), an oxo-
sulfur compound found in cauliflower, broccoli, and cabbage, as well as in the Allium 
vegetables.80,195-197  
Dimethyl sulfone or methylsulfonylmethane (Me2SO2) is another oxo-sulfur 
compound found in vegetables including broccoli, peppers, asparagus, and cabbage.82,83 It 
can also be found in trace amounts in fish, meat, unpasteurized milk, beverages, and eggs 
and has more recently been used as a dietary supplement.84-86 Currently, Me2SO2 is sold 
in over 30 products in combination with other dietary supplements such as chondroitin 
sulfate and glucosamine, and in more than 50 different products as a single agent in 
tablets, capsules, creams, and lotions.198 Although some physicians suggest a daily dose 
of only 300 mg, the recommended daily dose of Me2SO2 is reported to be between 1000-
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6000 mg when taken as a dietary supplement.82  Me2SO2 is a metabolite of dimethyl 
sulfoxide (DMSO), a by-product of algae and phytoplankton decay, and is commercially 
synthesized by reacting hydrogen peroxide with DMSO to produce Me2SO2 and water 
(Reaction 11).198,199 Studies have shown that ~15% of orally ingested DMSO is recovered 
as Me2SO2 in urine.198-200 
Me2SO + H2O2 → Me2SO2 + H2O    (11) 
Amino acids are major targets for oxidation by reactive oxygen species, and this 
oxidation can disrupt protein structure and function.87 Methionine can be oxidized to 
methionine sulfoxide (MetSO) by ROS and reactive nitrogen species (RNS) such as 
hydrogen peroxide, hydroxyl radical, and peroxynitrite anion.88,89,201 ROS-mediated 
oxidation of Met results in mixtures of R- and S-isomers of MetSO.202  Metal-catalyzed 
oxidation of methionine occurs through Fenton or Fenton-like reactions when peptides 
reduce metals such as iron and copper subsequently producing hydroxyl radical upon 
reaction with hydrogen peroxide.88,203-205  
MetSO can also be formed from methionine oxidized by H2O2 alone in the 
absence of metal ions (Figure 1.5),206,207 and both peroxynitrous acid (ONOOH) and 
peroxynitrite also react with methionine to produce MetSO.89,201 Methionine oxidation 
can result in changes in protein hydrophobicity, alterations in protein conformation, and 
disruption of biological function.92,203,208-213 However, cells contain two enzymes that 
reduce MetSO to Met, repairing the oxidative damage.88,90-92 Methionine sulfoxide 
reducatse A (MsrA) specifically reduces the S-isomer of MetSO, and methionine  
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Figure 1.5. Oxidation of methionine to methionine sulfoxide by hydrogen peroxide.  
 
sulfoxide reductase B (MsrB) is specific for reduction of the R-isomer.88,90,92 Based on 
the reversibility of MetSO generation, MetSO formation is proposed to be important in 
regulating cell functions.88,92,203,212,214-216 Interestingly, there have been reports on one 
biologically relevant oxo-seleno compound formed from the oxidation of 
selenomethionine (SeMet) by peroxynitrite to methionine selenoxide (MetSeO).69,217,218 
This oxidation is analogous to the peroxynitrite oxidation of methionine.217 
 
Antioxidant and pro-oxidant effects of oxo-sulfur compounds in disease prevention 
Many studies have reported on the antioxidant effects and amelioration of 
diseases using aged garlic extracts (AGE) and garlic essential oils.219-221 Although these 
products are generally considered to be safe and may be effective in preventing diseases 
such as cancer, it is difficult to determine the bioactive sulfur component or mixture of 
components that is responsible for the observed biological effects.219,220 Therefore, this 
review will focus on the ROS damage prevention (antioxidant) or ROS generation (pro-
oxidant) abilities of individual oxo-sulfur compounds.  
Several studies have shown that oxo-sulfur compounds play a significant role in 
preventing ROS-mediated cellular damage. For example, allicin, a major component in 
garlic, acts as a vasodilator, inhibits cholesterol biosynthesis, ameliorates serum lipid in 
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hyperlipidemic rabbits, and lowers intraocular pressure in normal rabbits.193,222-225 In a 
separate study, both allicin and alliin had no effect in reducing lipid peroxidation induced 
by ferrous sulfate/ascorbic acid in microsomal membranes.226 Another study to determine 
the effect of thiosulfonates on platelet aggregation showed that allicin inhibited 74% of 
such aggregation with an IC50 of 0.27 mM.189  Hirsh et al. found that allicin (10-40 μM) 
inhibited cell proliferation in mammary, colon, and endometrial cancer cells with 50% 
inhibition at 10-25 μM.193 Alliin, the precursor to allicin, showed no inhibitory effect at 
all concentrations tested (0-64 μM).193 
Another oxo-sulfur compound found in Allium vegetables is MeCysSO; however, 
only a few studies have been performed on this possible antioxidant sulfur derivative, 
despite the fact that it is a major oxo-sulfur compound in garlic. MeCysSO is effective for 
the treatment of hyperglycemia and hyperlipidemia in diabetic rats.227-230 In addition, 
daily oral administration of MeCysSO (200 mg/kg) for 45 days significantly controlled 
blood glucose and lipids in tissues and serum of diabetic rats.227 The activities of HMG 
CoA reductases, liver hexokinase, and glucose-6-phosphate in these animals were close 
to normal upon MeCysSO treatment, effects similar to the anti-diabetic drugs 
glibenclamide and insulin.227 Augustini et al. also observed that that MeCysSO was 
effective in lowering total cholesterol levels in rats.229   
Similar to allicin, MMTS also has chemopreventative properties.195 Nakamura et 
al. found that MMTS isolated from cauliflower homogenate showed strong 
antimutagenic activity against UV-induced mutation in wildtype E. coli (B/r WP2), but 
not in mutant cell strains lacking excision-repair activities.195-197 A separate study by the 
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same group showed that MMTS (10 mg/kg) suppressed the frequency of aflotoxin  B1-
induced chromosome aberrations after 2 h.195 Additionally, Kawamori et al. reported that 
MMTS (20 and 100 ppm) inhibited 42 % and 21% of intestinal neoplasm incidences 
induced by azoxymethane in rats, respectively.231  
MMTS also decreased the incidence of phenobarbital-promoted or 
diethylnitrosamine-initiated hepatocarcinogenesis in rats.232 In Drosophilia melanogaster 
and mice micronuclei, MMTS was found to reduce mitomycin C-induced somatic 
mutation and recombination via oral administration.232 Experiments performed with 
various antioxidants, including Kefir grain extracts, showed that both Kefir extracts (900-
21,000 μg/mL) and MMTS (10 μg/mL) stimulated more than 50% thymine dimer repair 
in UVC-irradiated HMV-1 cells, whereas other antioxidants tested (epigallocatechin and 
vitamins A, C, E, and K) showed little repair enhancement (≤ 10-30 %).233   
While the use of Me2SO2 in commercially available products is generally 
considered safe, little data is available to assess the safety and toxicity of this oxo-sulfur 
compound. Unconfirmed side effects of Me2SO2 consumption include headaches, 
hypertension, gastrointestinal symptoms, insomnia (if taken before bedtime), and 
increased hepatic enzyme levels.198 The Me2SO2 oxo-sulfur compound has been used in 
the treatment of inflammation, parasitic infections, allergies, asthma, cancer, arthritis, and 
rheumatic pain.198,199 Due to its sulfur content, it has also been used in the nourishment of 
hair, fingernails, and skin, and in the maintenance of normal connective tissues.198,234 In 
one study to determine the acute (2000 mg/kg/day) and chronic (1500 mg/kg/day) effects 
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on rats, oral administration of Me2SO2 for 90 days did not affect body weight, 
histopathological lesions in tissues and organs,  hematological parameters, or mortality.82   
Early pharmacokinetic studies showed that ~64% of [35S]Me2SO2 (21 mg/kg) was 
excreted within 24 h upon intraperitoneal administration to rats.235  In a more recent 
study, the distribution of Me2SO2 administered orally for 7 days using a 35S radioisotope 
tracer found that [35S] Me2SO2 (470 mg/kg/day) was excreted in urine (~70%) and feces 
(~10%).236 The highest levels of radioactivity were found in hair, blood, and spleen.236 
Further investigations of Me2SO2 pharmacokinetics in rats was performed by Magnuson 
et al.84 They also used radiolabled [35S]Me2SO2 to determine that Me2SO2 is rapidly 
absorbed, well distributed, and efficiently eliminated.84 Oral administration of 500 mg/kg 
in rats showed that the majority of Me2SO2 was excreted in urine (~57%), with only 1.6% 
excreted in feces.84 After 48 h, Me2SO2 was distributed evenly in several tissues, 
corresponding to blood concentrations of this compound.84  
Two separate studies performed by Cottler-Fox et al. and Wever et al. found that 
Me2SO2 was present in human plasma and cerebrospinal fluid ranging from 0-25 
μM,237,238 and Lawrence et al. reported that this oxo-sulfur compound occurs naturally in 
blood with a concentration of 3 μM.83 Me2SO2 was also detected by magnetic resonance 
spectroscopy in the brains of patients with memory loss and in normal patients given 
doses of 1-3 g/day.239 In this investigation, Me2SO2 was found to be distributed equally 
between white and grey matter of the brain in all patients, ranging from 0.42-3.40 
mmol/kg, with no adverse neurochemical or clinical effects.239  Me2SO2 was also 
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detected in the brain at a concentration of 2.36 mM in a normal patient after taking 
Me2SO2 at a dosage of  181 mg/kg/day.240  
While the suggested use of Me2SO2 is as a dietary supplement for the treatment of 
arthritis and allergies, only a few studies have reported such activities.199,241,242 A 12-
week randomized and controlled study on individuals with knee osteoarthritis was 
conducted, with each of the 118 patients given Me2SO2 (1.5 g/d). One-third reported 
decrease in pain; joint mobility and improved walking time was also observed.242 In a 
second study, 21 patients with osteoarthritis given Me2SO2 (3 g) twice daily for a 12-
week period showed decreases in pain (25%), stiffness (20%), physical function (31%), 
and total symptoms (25%).198 Interestingly, in this study, patients in the placebo group 
also showed decreases in pain, stiffness, physical function, and total symptoms (~13%, 
12%, 17%, and 14%, respectively).198 Although Me2SO2 may ameliorate the effects of 
osteoarthritis, its full effects were not observed in such a short period of time, indicating 
the need for longer trials.198 A study to evaluate the efficacy of Me2SO2 for reduction of 
seasonal allergy rhinitis (SAR) symptoms such as headaches, sinus infections, breathing 
difficulties, and nasal congestion was performed by Barrager et al.199 The results of this 
study indicate that Me2SO2 supplementation of 2600 mg/d over a period of 30 days was 
effective in reducing the symptoms of SAR.199 Me2SO2 was also found to have minimal 
side effects suggesting that this oxo-sulfur compound may be therapeutic and has 
pharmaceutical significance for the amelioration of SAR-associated symptoms.199     
 
 
27 
 
Antioxidant and pro-oxidant mechanisms of oxo-sulfur compounds 
Although numerous studies show that oxo-sulfur compounds can be used in the 
treatment or prevention of several diseases including cancer and osteoarthritis, the 
mechanisms of such action has not been elucidated.193-195,198,211,219,228,232 Studies by 
Weiner et al. indicate two possible mechanisms for the biological activity of allicin: 
radical scavenging or its ability to react with thiols.194 Spin trapping techniques and EPR 
measurements were used to show that allicin efficiently scavenged •OH produced by the 
Fenton reaction.194  The ability of allicin to inhibit the functions of thiol-containing 
proteins such as papain and alcohol dehydrogenase was also suggested as a possible 
mechanism.194 
 The susceptibility of Met to oxidation results in antioxidant activities due to the 
radical scavenging capability of Met, and the ability of Msr to reduce MetSO back to 
Met.211 Evidence of such antioxidant activity is observed in studies performed in yeast 
and Drosophilia, which showed that over-expression of the MsrA gene prevents 
oxidative stress induced by toxic levels of hydrogen peroxide and paraquat.243,244 Studies 
performed on various bacterial strains and yeast lacking the MsrA gene found that these 
strains were more susceptible to paraquat- or H2O2-induced oxidative stress.243,245,246 
Under normal growth conditions, studies performed on MsrA knockout mice resulted in a 
40% decrease of maximal life-span upon exposure to 100% oxygen.247 In other studies, 
Met residues on the lipoprotein surface reduced low-density (LDL) and high-density 
(HDL) lipoprotein-generated peroxides and cholesterolester peroxide to their respective 
hydroxyl derivatives.92,248  
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The oxidation of methionine to methionine sulfoxide has been implicated in 
aging, Alzheimer’s respiratory distress syndrome, and emphysema.212,214 A study by 
Costabel et al. showed that methionine oxidation by neutrophil-generated ROS results in 
acute and chronic bronchitis, dependent on the Met/MetSO ratio in lavage fluid in the 
bronchialveolar.249 An investigation by Stadtman et al. indicated that surface 
hydrophobicity of rat liver proteins increased with age over a period of 24 months.210 
This study also indicated that increases in both hydrophobicity and MetSO levels were 
caused by protein oxidation from ROS.210  
Gradual decreases in the levels of MsrA activity in the brain and kidney tissues of 
rats was found to be age-related, whereas in liver tissues, no age-related loss of enzyme 
activity was observed.250 MsrA activity in rat kidney and brain tissues decreased from ~5 
pmol/μg/h and ~0.55 pmol/μg/h, respectively, at 5 months of age to ~3.5 pmol/μg/h and 
~4 pmol/μg/h, respectively, at 25 months.250   In addition, the proposed Met/MetSO 
antioxidant cycle may aid in the prevention of Alzheimer’s disease.88,251 A study 
performed by Marksbery et al. showed that in various brain regions of Alzheimer’s 
patients, the level of MetSO and protein carbonyls, another measure of oxidative damage, 
was significantly greater than in the brains of patients without this disease.251  
In an animal study, 67% of Met residues in rat brain calmodulin were oxidized to 
MetSO in aged rats.252 Experiments by Wells-Knecht and co-workers showed that in 
humans, the methionine sulfoxide content of skin collagen increases from approximately 
4% while young to approximately 12% at 80 years of age.253  Collectively, these studies 
indicate the oxidation and reduction processes of methionine, as well as the expression of 
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MsrA, play an important role in the prevention of ROS-mediated diseases. Interestingly, 
methionine oxidation increases protein hydrophobicity, despite the fact that Met is more 
hydrophobic than MetSO.210,254 Further investigations are therefore needed to better 
understand effects of the Met/MetSO oxidation cycle at the molecular level, since local 
changes in protein folding may play a role in hydrophobicity alterations.214 
Similar to DNA inhibition experiments performed with inorganic selenium 
compounds, the ability of oxo-sulfur compounds to prevent metal-mediated DNA 
damage has also been investigated. MetSO, MeCysSO, MMTS, Me2SO2, and methyl 
phenyl sulfoxide (MePhSO; Figure 1.2) showed little inhibition of iron-mediated 
oxidative DNA damage. While MeCysSO and MMTS inhibited 17% and 20% DNA 
damage at 1000 μM, respectively, the other oxo-sulfur compounds showed no effect on 
DNA damage.51 Likewise, Me2SO2 and MePhSO have no effect on copper-mediated 
DNA damage, whereas MMTS (1000 μM) is a pro-oxidant, producing 35% damaged 
DNA, and both MetSO and MeCysSO are efficient antioxidants with IC50 values of 18 ± 
3 μM and 8.1 ± 1 μM, respectively.51 Interestingly, the reduced forms of MeCysSO and 
MetSO, MeCys and Met, were also effective antioxidants with IC50 values of 8.9 ± 0.02 
μM and 11.2 ± 0.02 μM, respectively.49 Thus, the ability of these sulfur-containing amino 
acids to prevent copper-mediated DNA damage does not significantly change upon 
oxidation.51 
Similar to the results obtained with the inorganic selenium compounds, metal 
coordination is also a mechanism for antioxidant activity of oxo-sulfur 
compounds.23,49,51,74,149  Brumaghim et al. showed that sulfur compounds with the ability 
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to prevent copper-mediated DNA damage have a Cu-S charge transfer band at ~240 nm 
when combined with Cu+, indicative of copper-sulfur coordination.  Both MetSO and 
MeCysSO show similar UV bands with Cu+, also indicating copper binding to these 
compounds.49,51,74 Interestingly, in gel electrophoresis experiments using 2,2’-bipyridine 
(bipy) to completely coordinate Cu+, MetSO and MeCysSO at 1000 μM, inhibited 43% 
and 88% of [Cu(bipy)2]+-mediated DNA damage, respectively, significantly less than the 
inhibition observed for uncoordinated Cu+.51 These studies also demonstrate that metal 
coordination is a primary mechanism for the antioxidant activity of MetSO and 
MeCysSO, but a second mechanism, such as radical scavenging, may also be responsible 
for their DNA damage prevention at high concentrations.51 Under similar conditions, 
MMTS (5000 μM) is a pro-oxidant, damaging 44% DNA in the presence of 
[Cu(bipy)2]+/H2O2, indicating that copper coordination is not required for its pro-oxidant 
activities.51 These experiments indicate that the antioxidant or pro-oxidant activities of 
sulfur compounds are quite complex, and highlight the importance of understanding the 
conditions and mechanisms for such behavior. 
Recently, aryl sulfoxides such as phenyl sulfoxide (PhSO) and MePhSO (Figure 
1.2) have been found to generate ROS upon irradiation, with implicated use in cancer 
therapy.255-257 Interestingly, little has been reported on the effects of this ROS generation 
on DNA damage. Predecki et al. showed that photoactivation at 240 nm of PhSO and 
MePhSO results in 83% DNA damage at 180 μM and 360 μM, respectively.256 In this 
experiment, 2,2,6,6-tetramethylpiperdine-1-oxyl (TEMPO) scavenged carbon-based 
radicals, indicating that the possible mechanism for photoinduced-DNA damage by aryl 
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sulfoxides is caused by hydrogen abstraction from the DNA backbone to produce a DNA 
radical.256 It is assumed that the reaction between the DNA radical and oxygen is 
responsible for DNA damage generated by PhSO and MePhSO.256,257  Oxygen, in its 
ground state (3O2), may also be necessary for the pro-oxidant effects of PhSO, since 
photo-induced DNA damage was inhibited in the absence of oxygen.256  These studies 
clearly indicate that the mechanistic action of oxo-sulfur compounds either as 
antioxidants or pro-oxidants is quite complex, and further studies under biologically 
relevant conditions are essential to better understand the activity of these compounds in 
biological systems. 
 
Oxo-selenium compounds  
The naturally occurring amino acid, selenomethionine (SeMet) is found in many 
proteins in place of its sulfur analog, methionine.258,259 Similar to methionine oxidation to 
its corresponding sulfoxide, SeMet is also oxidized by peroxynitrite and enzymes such as 
flavin-containing monooxygenases (FMOs) to methionine selenoxide 
(MetSeO).69,217,218,258 A significant amount of research has investigated Met/MetSO 
interconversion, but little work has investigated the properties of MetSeO. Oxidation 
kinetics of SeMet are 10-1000 times faster than oxidation of methionine to produce 
MetSeO.218 While the effects of MetSeO in biological systems have not been reported, it 
is possible that this compound may lead to similar changes in hydrophobicity, 
conformation, and disruption of biological functions associated with its sulfur analog, 
MetSO.92,203,208-213  In light of this, Sies and colleagues investigated the reduction of 
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MetSeO to SeMet using glutathione (GSH) as a reductant.217 This study showed that 
addition of MetSeO (0.4 mM) to increasing concentrations of GSH resulted in a loss of 
MetSeO with an increase in SeMet (Reaction 12), suggesting that GSH in low 
concentrations is effective in the protection against oxidants and that GSH may be 
responsible for redox cycling of selenoxides.217  
MetSeO + 2 GSH → SeMet + GSSG + H2O                       (12) 
Apart from its role in protein function, SeMet metabolism by the methionine 
transsulfuration pathway produces selenocysteine, an essential amino acid for the 
function of several antioxidant enzymes including glutathione peroxidase and thioredoxin 
reductase.258,260 Interestingly, FMOs also have been shown to oxidize other selenium 
compounds, including the selenium containing drug ebselen, to their corresponding 
selenoxides.261 Thus, further investigations are necessary to determine the effects of 
oxidation on protein function and activity and the conditions required for antioxidant and 
pro-oxidant activity of oxidized sulfur and selenium compounds, including selenium-
containing drugs. 
  
Conclusions 
Investigating the antioxidant and anticancer properties of inorganic selenium and 
oxo-sulfur compounds in the treatment of diseases such as cancer, aging, and 
neurodegenerative diseases generated from reactive oxygen species is an active and 
promising area of research. In the case of inorganic selenium compounds, sodium selenite 
is the compound of choice for both antioxidant and anticancer studies. While the 
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mechanism for its antioxidant activity is unclear, it has been proposed that the ability of 
selenocysteine containing enzymes such as GPx and thioredoxin reductases to prevent 
radical formation as a possible mechanism.57 The generation of hydrogen selenide from 
selenometabolites such as selenite to produce toxic ROS is suggested as a possible 
mechanism for the pro-oxidant and anticancer properties of inorganic selenium 
compounds.55,57 
The antioxidant activity of oxo-sulfur compounds is much less understood than 
that of the inorganic selenium compounds. Most studies have focused on allicin, an oxo-
sulfur compound produced from crushed garlic; however, disparities concerning the 
antioxidant activity of allicin are attributed to other endogenous components remaining 
from the extraction process of crude garlic extracts.53,54 While MMTS and other oxo-
sulfur compounds may be effective in the treatment or prevention of cancer, their mode 
of action has not been investigated. Similarly, little is known about the antioxidant 
activity of MeCysSO, MetSeO and MePhSO; however, the ability of MetSO to prevent 
ROS-mediated diseases such as aging, emphysema, and Alzheimer’s has been attributed 
to the cyclic interconversion of MetSO by methionine sulfoxide reductases.212,214 
Although MeCysSO and MetSeO are analogous to MetSO, little has been done to 
determine the effects of these compounds in biological systems. Since MeCysSO and 
MetSeO are formed from the oxidation of amino acids essential for protein function, 
investigating the ability of these compounds to act as antioxidants, as well as their role in 
disease prevention is of great interest. Therefore, further experiments including both in 
vitro, and cellular and animal studies are required to investigate such behaviors. In 
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addition, studies are also needed to determine the effects of the sulfur compounds’ 
structural and chemical properties on their antioxidant activity. 
Investigations of the ability of inorganic selenium and oxo-sulfur compounds to 
inhibit metal-mediated oxidative DNA damage determined that coordination between 
iron or copper and the antioxidant compound is required for prevention of DNA 
damage.23,51 Additionally, the ability of oxo-sulfur compounds to scavenge radicals was 
also suggested as a possible mechanism for this activity, particularly at high 
concentrations.51 Further investigations to determine the role of metal coordination and 
radical scavenging mechanisms of antioxidant behavior as well as the conditions required 
to observe pro-oxidant properties of oxo-sulfur compounds are necessary to fully 
understand the biological activities of these compounds.  
In addition, the role of less studied compounds such as selenate, selenium dioxide, 
methylcysteine sulfoxide, and methionine selenoxide in the prevention of ROS-mediated 
disease is necessary to better understand and elucidate a mechanism for the antioxidant 
and pro-oxidant activities of both inorganic and oxo-sulfur compounds. Although the 
speciation of selenium compounds is an important factor in the biological activities of 
these compounds,152-154 more studies using a larger number of selenium compounds 
including selenide, selenate, and selenoxides are required to fully understand this effect. 
Most of the inorganic selenium and oxo-compounds discussed in this review are obtained 
from food products such as vegetables, fruits, nuts, and dietary supplements. However, 
these foods and supplements may also contain other antioxidant or bioactive 
ingredients.1,46,47 It is therefore equally important to determine the effects of other 
35 
 
bioactive compounds on the biological activity of inorganic and oxo-sulfur compounds. 
Additional studies exploring the antioxidant, pro-oxidant, and mechanistic actions of 
inorganic selenium, oxo-sulfur, and oxo-selenium compounds are essential to fully 
understand the biological implications of food products and supplements for both humans 
and animals.  
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CHAPTER TWO 
EFFECTS OF INORGANIC SELENIUM COMPOUNDS ON OXIDATIVE DNA 
DAMAGE 
Introduction  
Generation of reactive oxygen species (ROS) in cells can damage cellular 
components including nucleic acids, lipids, and proteins.1 Oxidative damage in vivo is 
caused by ROS such as the hydroxyl radical (•OH) produced in the Fenton reaction.2,3  
Fe2+ + H2O2 → Fe3+
 
+ [•OH] + OH- 
Iron-generated hydroxyl radical is the primary cause of oxidative DNA damage 
and cell death in both prokaryotes4 and eukaryotes, including humans.4,5 This DNA 
damage can lead to conditions such as aging,6 cancer,7 neurodegenerative,2 and 
cardiovascular diseases.8 Since cellular reductants such as NADH reduce Fe3+ back to 
Fe2+, the production of hydroxyl radical is catalytic in vivo.9  
Two kinetically-distinct modes of cell killing exist when Escherichia coli or 
mammalian cells are exposed to H2O2. Mode I killing is faster than Mode II and occurs at 
low peroxide concentrations (1-5 mM), whereas Mode II killing occurs at peroxide 
concentrations greater than 10 mM and is independent of H2O2 concentration.9,10 Similar 
kinetics are also observed for in vitro DNA damage with maximal damage under Mode I 
conditions at 50 μM H2O2 and under Mode II conditions at H2O2 concentrations greater 
than 10 mM.9-11 Iron-mediated cleavage of the DNA backbone under Mode I and II 
conditions occurs selectively at different DNA sequences: RTGR (with cleavage at the 
thymidine deoxyribose) for Mode I damage and RGGG for Mode II (R = A or G).11,12 
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Under Mode I conditions, hydroxyl radical is likely generated by Fe(II) bound to solvent-
accessible sites on the deoxyribose-phosphate backbone or bases of DNA, whereas DNA 
damage under Mode II conditions occurs when H2O2 reacts with more-sterically-hindered 
Fe(II) bound to DNA bases, particularly guanine.11 
Antioxidants can prevent or reduce oxidative DNA damage,13-15 and selenium has 
been widely studied for its antioxidant and anticancer effects.16-18 Selenium is also an 
essential micronutrient for both humans and animals with a RDA ranging from 55-350 
μg/day for humans,19 and it is incorporated as selenocysteine in the active site of 
antioxidant proteins, including glutathione peroxidases (GPx) and thioredoxin 
reductases.16,20,21 Selenium is found in most multivitamins and dietary supplements19 as 
selenomethionine, selenite (SeO32-), or selenate (SeO42-).22 In addition, selenite and 
selenate are also incorporated into animal feed, protein mixes, and infant formula.19  
Selenium additives to animal feed, 16.8 tons annually for sheep and cows alone,23 
improve animal performance and increase selenium dietary intake for people consuming 
meat products.24 
Initially, the ability of selenium to prevent hydroxyl radical formation by 
decomposition of H2O2 to water via GPx enzymes was proposed as a mechanism for their 
anticancer activity.16,25 However, other studies indicate that while selenium is an effective 
antioxidant, this is not the sole basis for its anticancer activity.16,26,27 Recently, a new 
mechanism involving selenometabolites was proposed to explain the anticancer effects of 
selenium.16,18 Compounds such as selenite generate hydrogen selenide (H2Se), used to 
incorporate selenium into selenocysteine and selenomethionine. Thus, H2Se produced in 
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high concentrations may react with oxygen to produce ROS toxic to cells.20,28,29 
Additionally, selenometabolites such as selenodigluthathione have been found to inhibit 
cell growth and induce apoptosis in tumor cells.16,18,30 
Although the mechanisms of antioxidant and anticancer activity for selenium 
compounds are unclear, organoselenium compounds such as selenomethionine have been 
shown to have antioxidant activity.26,27,31 In addition, a plethora of anticancer studies 
have been conducted with sodium selenite (Na2SeO3), showing conflicting 
results.16-18,30,32-34 Few studies have been conducted with either sodium selenate 
(Na2SeO4) and selenium dioxide (SeO2). Hamilton et al. found that Na2SeO4 (6.2 mM) 
inhibited DNA damage via alkylating agents.35 Takahashi and coworkers found that both 
Na2SeO3 (10 μM) and SeO2 (50-100 μM) induced apoptosis in HSC-3 cells, whereas 
Na2SeO4 (100 μM) did not, suggesting that the former compounds are better anticancer 
agents.16 In addition, SeO2 (3-30 μM) was shown to inhibit the growth of lung cancer 
GLC-82 cells via apoptosis in a dose-dependent and time-dependent manner.36   
 
Se
O
O- Na+Na+ O-
Se
O
O- Na+Na+ -O
O
Se2-Na+ Na+Se
O O
1 2 3 4  
Figure 2.1. Selenium compounds tested: (1) selenium dioxide, SeO2, (2) sodium 
   selenite, Na2SeO3, (3) sodium selenate, Na2SeO4, and (4) sodium selenide, Na2Se. 
 
Despite the widespread use of inorganic selenium compounds in vitamins and animal 
feed, relatively little work has been done to determine their antioxidant properties. Thus, 
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we have used gel electrophoresis to study the effects of Na2SeO3, Na2SeO4, SeO2, and 
Na2Se (Figure 2.1) on DNA damage in the presence of H2O2 under both Mode I and II 
conditions. For the selenium compounds that inhibited DNA damage, the mechanism by 
which these compounds prevented such damage was also investigated.  
 Similarly to iron, Cu+ can also undergo Fenton-like chemistry, producing the 
DNA-damaging hydroxyl radical. Unlike the bimodal rate of DNA damage observed  
Cu+ + H2O2 → Cu2+ + OH¯+ •OH 
under Fenton reaction conditions,  the rate of copper-mediated DNA damage is linear 
with increasing hydrogen peroxide concentration.37 The ability of the inorganic selenium 
compounds to prevent copper-mediated DNA damage was also studied via gel 
electrophoresis experiments. The iron work discussed in this chapter is published in J. 
Inorg. Biochem. 2007, 101, 1028-1035.38 
        
Results 
The selenium compounds in Figure 2.1 differ in both oxidation state of the 
selenium atom and in charge. Selenide, selenite, and selenate are charged species with -2, 
+4 and +6 selenium oxidation states, respectively. Selenium dioxide, however is neutral 
with a +4 selenium oxidation state. Our DNA damage studies examine both the ability of 
these compounds to inhibit iron-mediated DNA damage, and the effects of selenium 
oxidation state and charge on this activity.  
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Mode I experiments with inorganic selenium compounds and Fe2+ 
A gel electrophoresis experiment testing selenite for its ability to inhibit DNA 
damage under Mode I conditions (50 μM H2O2, 10 mM ethanol) is shown in Figure 2.2A. 
At this H2O2 concentration, the rate of Mode I DNA damage is maximal; ethanol was 
also added to emulate organic molecules in cells that scavenge hydroxyl radical.11 From 
the gel in Figure 2.2A, it is clear that both H2O2 alone (lane 3) and Na2SeO3 with H2O2 
alone (lane 4) had no effect on DNA damage as compared to the plasmid-only lane (lane 
2). Addition of both Fe(II) (2 μM) and H2O2 (lane 5) produced 94% damaged (nicked) 
DNA. Addition of increasing concentrations of Na2SeO3 (0.5-5000 μM, all p < 0.02)  
A B
C D
1     2   3   4    5    6    7    8    9    10 1     2    3    4    5    6    7    8    9    10
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nicked DNA
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nicked DNA
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[SeO2]
nicked DNA
undamaged DNA
 
 
Figure 2.2. DNA gel electrophoresis experiments for (A) Na2SeO3, (B) Na2SeO4, (C) 
Na2Se, and (D) SeO2  under Mode I conditions. For each gel, lane 1: 1 kb ladder; lanes 2-
5: plasmid, H2O2 (50 μM), Na2SeO3, Na2SeO4, SeO2 (5000 μM) or Na2Se (200 μM), and 
Fe2+ (2 μM) respectively; lanes 6-10: 0.5, 5, 50, 500 and 5000 μM of Na2SeO3, Na2SeO4, 
and SeO2 respectively, or 0.5, 5, 50, 100 and 200 μM of Na2Se. 
 
resulted in increased undamaged (closed, circular) DNA (Figure 2.2A, lanes 6-10), 
indicating that Na2SeO3 inhibited oxidative DNA damage. From quantification of these 
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gel bands, we determined that the highest Na2SeO3 concentration (5000 μM) inhibited 
91% of iron-mediated DNA damage. 
Similar electrophoresis experiments were conducted for Na2SeO4, SeO2 and 
Na2Se under identical Mode I conditions. In this case, Na2SeO4 (Figure 2.2B) and Na2Se 
(Figure 2.2C), showed no inhibition of DNA damage with increasing concentration.  In 
contrast, adding SeO2 in the presence of Fe(II) and H2O2 showed a slight increase in 
DNA damage (Figure 2.2D, lanes 6-8) at concentrations of 0.5-50 μM compared to the 
Fe(II)/H2O2 lane (lane 5).  This corresponds to a 20% increase in DNA damage at 50 μM 
SeO2 (p = 0.02).  At higher concentrations (500 and 5000 μM, lanes 9-10), however, 
SeO2 inhibited DNA damage by 17% (p = 0.01) and 100% (p = > 0.0001), respectively.   
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Figure 2.3. Percent DNA damage inhibition graph for Na2SeO3, Na2SeO4, SeO2, and 
Na2Se under Mode I conditions. Error bars represent standard deviations calculated from 
the average of three trials. 
 
Figure 2.3 shows a graph of percent DNA damage inhibition vs. concentration of 
selenium compound for the four inorganic selenium compounds tested.  Inhibition of 
DNA damage is clearly greatest for Na2SeO3 and high concentrations of SeO2, whereas 
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SeO2 shows increased DNA damage at lower concentrations, and both Na2SeO4 and 
Na2Se show no effect on DNA damage. 
 
[Fe(EDTA)]2- experiments under Mode I conditions 
Since our studies indicated that both Na2SeO3 and SeO2 inhibit DNA damage at 
high concentrations (500-5000 μM) under Mode I conditions, we investigated metal 
coordination as a possible mechanism for the inhibitory effect of these compounds. Iron 
binding to the selenium compound could prevent the generation or release of the 
hydroxyl radical upon exposure to H2O2. To test this metal coordination hypothesis, we 
performed gel electrophoresis experiments with the [Fe(EDTA)]2- complex as the iron 
source. The chelating ligand EDTA (ethylenediaminetetraacetic acid) completely 
coordinates Fe2+, preventing potential coordination between the selenium compound and 
iron. Although completely coordinated, [Fe(EDTA)]2- does generate DNA-damaging 
hydroxyl radical in the presence of H2O2.  
Gel electrophoresis experiments showed that addition of [Fe(EDTA)]2- (400 μM) 
and H2O2 under Mode I conditions produced approximately 63% nicked DNA (Figure 
2.4, lane 5). As the concentration of Na2SeO3 was increased, no effect on oxidative DNA 
damage was observed (lanes 6-10).  Similarly, increasing concentrations of SeO2 had no 
effect on DNA damage under the same conditions (Figure 2.4B).  The lack of DNA 
damage inhibition by both Na2SeO3 and SeO2 with [Fe(EDTA)]2- instead of FeSO4 as the 
iron source suggests that metal coordination is required for the effects of both compounds 
on DNA damage under Mode I conditions. 
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Figure 2.4. DNA gel electrophoresis experiments for (A) Na2SeO3 and (B) SeO2 with 
[Fe(EDTA)]2- under Mode I conditions. For each gel, lane 1: 1 kb ladder; lanes 2-5: 
plasmid, H2O2 (50 μM), Se compound (5000 μM) and [Fe(EDTA)]2- (400 μM) 
respectively; lanes 6-10: 0.5, 5, 50, 500, and 5000 μM respectively of either Na2SeO3 or 
SeO2. 
 
Mode II experiments with inorganic selenium compounds 
At higher peroxide concentrations (> 10 mM), in vitro iron-mediated DNA 
damage was shown to occur independently of H2O2 concentration.11 This Mode II DNA 
damage likely differs from Mode I damage in that the generated hydroxyl radical results 
from the reaction of H2O2 with Fe(II) bound to the bases of DNA.11 Because Mode I and 
Mode II DNA damage result from hydroxyl radical being produced at different sites of 
iron localization on DNA, we also determined the effects of Na2SeO3, Na2SeO4, SeO2 
and Na2Se on oxidative DNA damage under Mode II conditions. 
Experiments performed under Mode II conditions were identical to those for 
Mode I except that the concentrations of H2O2 (50 mM) and ethanol (100 mM) were 
increased to ensure that DNA damage was caused only by Mode II radicals.10,11 Initial 
experiments with Na2SeO3 indicated that this compound increases DNA damage in the 
presence of H2O2 without addition of Fe(II). Therefore, further experiments with selenite 
under Mode II conditions were conducted at pH 7 in the absence of iron.  
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Figure 2.5. DNA gel electrophoresis experiments for (A) Na2SeO3, (B) Na2SeO4, (C) 
Na2Se  and (D) SeO2 under Mode II conditions. For (A) Na2SeO3 lane 1: 1 kb ladder; 
lanes 2-4: plasmid, H2O2 (50 mM), and Na2SeO3 (5000 μM) respectively; lanes 5-9 have 
H2O2 + 0.5, 5, 50, 500, 5000 μM Na2SeO3, respectively. For gels B-D, lane 1: 1 kb 
ladder; 2-5: plasmid, H2O2 (50 mM), H2O2 + Na2SeO4, SeO2 (5000 μM) or Na2Se (200 
μM), H2O2 + Fe2+ (2 μM); lanes 6-10: H2O2 + Fe2+ + 0.5, 5, 50, 500 and 5000 μM of 
Na2SeO4 or SeO2 respectively. For Na2Se, lanes 6-10: H2O2 + Fe2+ + 0.5, 5, 50, 100 and 
200 μM Na2Se, respectively.   
 
Sodium selenate (0.5-5000 μM) was also tested under Mode II conditions with 
Fe(II) (2 μM) at pH 6. As seen from the gel in Figure 2.5B, Na2SeO4 had no effect on 
DNA damage, regardless of concentration (lanes 6-10). Under similar conditions, 
addition of Na2Se also had no effect on DNA damage (Figure 2.5C). In contrast, adding 
increasing concentrations of SeO2 (5-5000 μM) under the same Mode II conditions 
showed inhibition of DNA damage (Figure 2.5D lanes 6-10, all p < 0.05).  
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Figure 2.6.  A) Percent DNA damage graph for 0.5-5000 μM Na2SeO3 under Mode II 
conditions in the absence of Fe2+ B) Percent DNA damage inhibition graph for 0.5-5000 
μM Na2SeO4 and SeO2, and 0.5-200 μM Na2Se under Mode II conditions in the presence 
of Fe2+ (2 μM) and H2O2 (50 mM). Error bars for both graphs represent standard 
deviations calculated from the average of three trials. 
 
Unlike selenite, adding only SeO2 and H2O2 (lane 4) had no effect on DNA 
damage compared to the DNA control (lane 2). Increasing the concentration of SeO2 to 
5000 μM resulted in inhibition of 81% DNA damage (lane 10; p = 0.003). Thus, under 
Mode II conditions, SeO2 had an inhibitory effect on DNA that is concentration-
dependent.  A comparison of DNA damage inhibition by Na2SeO4, Na2Se, and SeO2 
under Mode II conditions is shown in Figure 2.6B. 
 
[Fe(EDTA)]2- experiments under Mode II conditions 
Under Mode II conditions, SeO2 was the only selenium compound to inhibit DNA 
damage.  Experiments similar to those under Mode I conditions, using [Fe(EDTA)]2- as 
the iron source, were therefore conducted to determine whether metal coordination is 
required for SeO2 inhibition of DNA damage under Mode II conditions. The gel shown in  
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Figure 2.7. DNA gel electrophoresis experiments for SeO2 with [Fe(EDTA)]2- under 
Mode II conditions. Lane 1: 1 kb ladder; lanes 2-5: plasmid, H2O2 (50 μM), SeO2 (5000 
μM) and [Fe(EDTA)]2- (400 μM), respectively; lanes 6-10: 0.5, 5, 50, 500, and 5000 μM  
SeO2, respectively. 
 
Figure 2.7 shows that [Fe(EDTA)]2- combined with H2O2 (lane 5) resulted in 
100% nicked DNA.  Upon addition of increasing concentrations of SeO2 (lanes 6-10), the 
percentage of DNA damage did not change. This suggests that iron coordination is 
required for SeO2 to prevent DNA damage under Mode II conditions in much the same 
manner as was found for SeO2 and Na3SeO3 inhibition of DNA damage under Mode I 
conditions. 
 
 77Se NMR Experiments 
Several studies indicate that in aqueous solution at pH 6, SeO2 exists as HSeO3- 
(SeO2 + H2O → HSeO3- + H+),39-41 a species similar to Na2SeO3 in aqueous solution. 
Since our gel results with Na2SeO3 and SeO2 showed differing effects of these 
compounds on DNA damage, 77Se NMR experiments were performed to elucidate the 
speciation of SeO2. Aqueous solutions of SeO2 showed singlets at δ 1317 and 1299 
(Figure 2.11) at pH 6 and 7, respectively, which did not change over a period of three 
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days. Under the same conditions, Na2SeO3, showed a singlet at δ 1274 at both pH 6 and 7 
(Figure 2.12). Thus, our results indicate that aqueous solutions of Na2SeO3 and SeO2 do 
not form the same compound under these conditions. 
 
DNA nicking experiments with inorganic selenium compounds and Cu+ 
Since copper generates the DNA-damaging hydroxyl radical, the antioxidant 
effects of Na2SeO3, Na2SeO4, Na2Se and SeO2 on copper-mediated DNA damage were 
investigated via gel electrophoresis. In these experiments Cu2+ (6 μM) was reduced to 
Cu+ by ascorbic acid (7.5 μM) and hydroxyl radical was generated upon addition of H2O2 
(50 μM). A gel electrophoresis experiment testing the ability of selenite to inhibit copper-
mediated DNA damage is shown in Figure 2.8A.  
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Figure 2.8. DNA gel electrophoresis experiments for (A) Na2SeO3, (B) Na2SeO4, (C) 
Na2Se, and (D) SeO2  for Cu+. For each gel, lane 1: 1 kb ladder; lanes 2-5: plasmid, H2O2 
(50 μM), Na2SeO3, Na2SeO4, SeO2 (5000 μM) or Na2Se (200 μM), Cu2+ (6 μM), and 
ascorbic acid (7.5 μM) respectively; lanes 6-10: 0.5, 5, 50, 500 and 5000 μM of Na2SeO3, 
Na2SeO4, and SeO2 respectively, or 0.5, 5, 50, 100 and 200 μM of Na2Se. 
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The gel data show that both H2O2 alone (lane 3) or Na2SeO3 with H2O2 alone 
(lane 4) have no effect on DNA as compared to the plasmid-only lane (lane 2). Addition 
of both Cu+ and H2O2 (lane 5) produces 97% damaged DNA, and adding increasing 
concentrations of Na2SeO3 (0.5-5000 μM) results in increased undamaged DNA (Figure 
2.8A, lanes 9-10). Na2SeO3 (5000 μM) inhibit 95% copper-mediated DNA damage.  
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Figure 2.9. Percent DNA damage inhibition graph for Na2SeO3, Na2SeO4, SeO2, and 
Na2Se with Cu+. Error bars represent standard deviations calculated from three trials. 
 
Similar electrophoresis experiments performed with SeO2 (Figure 2.8D) under 
similar conditions show that this compound inhibits 63% DNA damage at the highest 
concentration tested (5000 μM; Figure 2.9). Both Na2SeO4 (Figure 2.8B) and Na2Se 
(Figure 2.8C) show no inhibition of DNA damage upon adding increasing concentrations 
of these selenium compounds (Figure 2.9). 
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[Cu(bipy)2]+ experiments with inorganic selenium compounds 
Since Na2SeO3 and SeO2 are the only tested inorganic selenium compounds to inhibit 
copper-mediated DNA damage, further gel electrophoresis experiments were conducted 
to determine whether metal coordination is required for their antioxidant activity. In these 
experiments, however [Cu(bipy2)]+ (50 μM) was used instead of Cu2+ as the metal source 
because this complex is completely coordinated (similar to the Fe(EDTA)2- experiments 
previously described). The gel shown in Figure 2.10A indicates that [Cu(bipy2)]+ 
combined with H2O2 (lane 5) results in 94% nicked DNA, and upon addition of 
increasing concentrations of Na2SeO3 (Figure 2.10; lanes 6-10), the percentage of DNA 
damage did not change. Similarly, increasing concentrations of SeO2 have no effect on 
DNA damage under the same conditions (Figure 2.10B).  The lack of DNA damage 
inhibition by both Na2SeO3 and SeO2 with the completely-coordinated [Cu(bipy)2]+ 
suggests that metal binding is required for both selenium compounds to inhibit DNA 
damage. 
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Figure 2.10: DNA gel electrophoresis experiments for (A) Na2SeO3 and (B) SeO2 with 
[Cu(bipy)2]+. For each gel, lane 1: 1 kb ladder; lanes 2-5: plasmid, H2O2 (50 μM), Se 
compound (5000 μM), [Cu(bipy)2]2+ (50 μM), ascorbic acid ( 62.5 μM) and respectively; 
lanes 6-10: 0.5, 5, 50, 500, and 5000 μM respectively of either Na2SeO3 or SeO2. 
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Discussion 
Selenium compounds are effective at preventing cancer, either due to their 
antioxidant ability to neutralize ROS,16,32 or through induction of apoptosis in cancer 
cells.18,30,32 Evidence for both prevention of cell death under oxidative stress and 
promotion of apoptosis has been found for Na2SeO3 administered in similar 
concentrations: Na2SeO3 (1 μM) prevented cell death from ROS in hepatoma cells42 and 
stimulated benign mesothelial cell growth (7.5 μM),30 whereas in prostate cancer cells, 
Na2SeO3 (0.5-5 μM) inhibited cell growth via apoptosis.18 Our results help explain these 
contradictory chemopreventative (antioxidant) and anticancer effects of selenite, since we 
have found that for selenite and selenium dioxide, inhibition of oxidative DNA damage 
by hydroxyl radical is dependent on both the concentration of selenium compound and 
H2O2. 
 
Mode I experiments with inorganic selenium compounds and Fe2+ 
Experiments conducted with Na2SeO3 and SeO2 show that both compounds 
inhibit DNA damage under Mode I conditions in a concentration-dependent manner with 
maximal DNA damage inhibition at 5000 μM. Under the same conditions, Na2SeO4 and 
Na2Se have no effect on DNA damage (Table 2.1). Although selenium concentrations of 
5000 μM are much larger than would be found in cells, plasma selenium concentrations 
in humans can reach 1.1-1.3 μM after consuming 40 μg of selenium supplement a day.43 
At 0.5 μM, Na2SeO3 inhibited 37% of DNA damage (p = 0.02), whereas SeO2 at this 
concentration acted as a pro-oxidant, increasing DNA damage by 20 % (p = 0.02).  These 
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results indicate that Na2SeO3 may be a more effective antioxidant in vivo than Na2SeO4, 
Na2Se, or SeO2. 
 
Table 2.1. Summary of effects of inorganic selenium compounds on DNA damage under  
Mode I and Mode II conditions. 
 
Compound DNA Damage Behavior 
Na2SeO4 No antioxidant or pro-oxidant behavior under any conditions 
Na2SeO3 Mode I: Antioxidant at all concentrations (0.5 – 5000 μM) 
Mode II: Pro-oxidant behavior with or without Fe2+ at all concentrations    
               (0.5 – 5000 μM) 
SeO2 Mode I: Pro-oxidant at low concentrations (0.5 – 250 μM), antioxidant at   
             higher concentrations (250 - 5000 μM) 
Mode II: Antioxidant at all concentrations 
Na2Se No antioxidant or pro-oxidant behavior under any conditions (0.5 – 200 
μM) 
All antioxidant behavior requires Fe2+ coordination 
 
It is not clear why SeO2 acts as a pro-oxidant and an antioxidant depending upon 
concentration, but the pro-oxidant effect of SeO2 at low concentrations may be due to its 
ability to generate radical species. SeO2 is proposed to react with aqueous H2O2 to form 
peroxyselenenic acid (SeO2 + H2O2 → HOSe(O)OOH), that then may decompose to 
yield •OH.44  In addition, it has been reported that SeO2 in aqueous solution at pH 6 exists 
as HSeO3-,39-41 which can then be reduced to SeO2- radical (SeO2 + H2O → HSeO3- + H+ 
→ SeO2- +OH-).39  However, if aqueous SeO2 is present as HSeO3-, it is surprising that 
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we see significantly different effects with SeO2 as compared to Na2SeO3 in our gel 
electrophoresis studies. Our 77Se NMR studies of SeO2 and Na2SeO3 show different 
resonance frequencies for both compounds in aqueous solutions, indicating that they do 
not form the same species. This result correlates well with the different effects of these 
two compounds on DNA damage.  A separate study showed that Na2SeO3 was more 
effective at inducing apoptosis than SeO216 suggesting that these compounds also have 
different properties in vivo. 
The four inorganic selenium compounds studied in this work differ by both 
oxidation state and charge. Both Na2SeO3 and SeO2 with a selenium oxidation state of +4 
inhibit DNA damage at high concentrations, whereas Na2SeO4 with an oxidation state of 
+6 and Na2Se (-2) have no effect on DNA damage. This indicates that inorganic selenium 
compounds with selenium in the +4 oxidation state are more effective at preventing DNA 
damage under Mode I conditions than those in either the highest or lowest oxidation 
states. The lack of DNA damage inhibition with Na2SeO4 can be explained if the 
selenium compound reacts with and neutralizes generated •OH. Since Na2SeO4 is in its 
highest oxidation state, it cannot be oxidized by •OH. The lack of DNA damage 
inhibition by Na2Se is more difficult to explain using charge arguments, since the 
oxidation state of the selenium is low. In addition, organic selenides (R-Se-R, selenium 
oxidation state of -2) are well-known for their antioxidant properties.21,31 However, based 
on their respective reduction potentials, selenide (0.924 V45) cannot be oxidized by H2O2 
(0.38 V10). 
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 From our results, it is clear that charge on the inorganic selenium compounds 
does not play a significant role in preventing DNA damage. Na2SeO3, Na2SeO4 and 
Na2Se have the same -2 charge, however only Na2SeO3 was able to inhibit DNA damage 
under Mode I conditions. SeO2, a neutral compound, also inhibits DNA damage at high 
concentrations, suggesting that oxidation state plays a much more significant role than 
overall charge in DNA damage inhibition. 
 
Mode II experiments with inorganic selenium compounds and Fe2+ 
Similar to results observed under Mode I conditions, Na2SeO4 and Na2Se have no 
effect on DNA damage under Mode II conditions.  In contrast to Mode I conditions, 
however, SeO2 under Mode II conditions inhibited DNA damage at all concentrations 
tested, reducing DNA damage by a maximum of 81% at 5000 μM (Table I). At more 
biologically-relevant concentrations of selenium (0.5 μM), SeO2 showed weak 
antioxidant activity under Mode II conditions, in direct opposition to its pro-oxidant 
activity at the same concentration under Mode I conditions. 
Interestingly, when Na2SeO3 is combined with H2O2 without Fe2+ under Mode II 
conditions, DNA damage is promoted in a concentration-dependent manner. This is very 
different behavior compared to its inhibitory effect at all concentrations under Mode I 
conditions. A possible reason for the pro-oxidant activity seen under Mode II conditions 
is that the Na2SeO3 is oxidized by H2O2 from +4 to +6 states, producing •OH in the 
process. Considering the reduction potentials of selenite (-0.05 V 45) and H2O2 (0.38V10), 
selenite is capable of reducing H2O2. Additionally, SeO3•- formed from the one electron 
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oxidation of Na2SeO3 by •OH could also damage DNA.46 It is unclear, however, why the 
antioxidant or pro-oxidant behavior of Na2SeO3 would be entirely dependent upon H2O2 
concentration. Calculations indicate that the steady-state H2O2 concentration in 
unstressed E. coli is ~20 nM, but with a high generation rate of 9-22 μM/s.47 Thus, H2O2 
concentrations may increase quickly if an imbalance between generation and 
decomposition exists.  If the antioxidant or pro-oxidant behavior of Na2SeO3 depends on 
cellular H2O2 concentrations, this highlights the need to accurately measure 
concentrations of H2O2 in both unstressed and oxidatively-stressed cells.   
 
Modes I and II [Fe(EDTA)]2- experiments with inorganic selenium compounds  
Experiments with [Fe(EDTA)]2- as the iron source were performed to determine 
whether DNA damage inhibition by inorganic selenium compounds is due to iron 
coordination. Increasing concentrations of Na2SeO3 and SeO2 using the completely-
coordinated [Fe(EDTA)]2- resulted in no change in DNA damage. These experiments 
indicate that iron coordination by Na2SeO3 and SeO2 is required for inhibition of (or 
increase in, for lower concentrations of SeO2) DNA damage inhibition under Mode I 
conditions. Similarly, under Mode II conditions, iron binding is also important for the 
inhibitory effect of SeO2 on DNA damage.  In a similar study performed with organic 
selenium compounds using copper and H2O2 to generate •OH, metal coordination was 
also the proposed mechanism for DNA damage inhibition.31  
Coordination between iron and SeO32- or SeO2 is likely: both Na2SeO3 and SeO2 
contain hard oxygen ligands, which can coordinate to Fe2+, a borderline hard Lewis acid.  
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Because selenium is much softer than oxygen, it less likely that Fe2+ would bind to 
selenium, especially given its positive oxidation state in both Na2SeO3 and SeO2.  In fact, 
characterization of several iron-selenite complexes shows that iron indeed binds selenite 
through the negatively-charged oxygen atoms.48,49 
Based on our results, Na2SeO3, and to a lesser extent SeO2, exhibit both 
antioxidant and pro-oxidant behaviors dependent on H2O2 concentration. Understanding 
this seemingly contradictory behavior may help explain conflicting results seen for 
anticancer studies using Na2SeO3.20,33,34,50,51 We have clearly demonstrated the ability of 
inorganic selenium compounds both to prevent and generate DNA damage using a 
biologically-relevant DNA damage assay, but the complex behaviors of these compounds 
with regard to their concentration and concentration of H2O2 in vivo merit further study. 
 
Cu+ experiments with inorganic selenium compounds 
Similar to results observed under Mode I conditions with iron, Na2SeO4 and 
Na2Se have no effect on copper-mediated DNA damage. Under similar conditions, 
however, both Na2SeO3 and SeO2 inhibit 95% and 63% DNA damage, respectively at 
high concentrations (5000 μM). Interestingly, the antioxidant activity observed for 
Na2SeO3 were similar for both Fe2+-mediated DNA damage under Mode I conditions 
(91%) and Cu+-mediated DNA damage (95%) at 5000 μM. However, SeO2 at the same 
concentration was more effective at inhibiting Fe2+-mediated DNA damage (100%) than 
Cu+-mediated DNA damage (63%) under similar reaction conditions. At more 
biologically-relevant concentrations (0.5 μM), Na2SeO3 is a better antioxidant with iron-
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mediated DNA damage under Mode I conditions (36%, p = 0.02) when compared to the 
insignificant activity observed for this compound with copper-mediated DNA damage (-
0.5%, p = 0.5).  Interestingly, the pro-oxidant activity of SeO2 (-21%, p = 0.02) at more 
biologically-relevant concentrations (0.5 μM) under Mode I conditions with iron was 
unobserved with copper-mediated DNA damage at the same concentration (0.1%, p = 
0.2). These results suggest that the metal ion plays a significant role in the antioxidant 
and pro-oxidant propeties of inorganic selenium compounds. Under Fenton reaction 
conditions, iron coordination to the selenium compound is novel mechanism for the 
antioxidant and pro-oxidant activities of both Na2SeO3 and SeO2. Our copper 
coordination results performed with [Cu(bipy)]+ indicate that this novel metal-binding 
mechanism is also responsible for the antioxidant activity observed with inorganic 
selenium compounds with copper-mediated DNA damage.  Similar to the results 
observed for iron-mediated DNA damage, both Na2SeO3 and SeO2 ( both with a selenium 
oxidation state of +4) are much more effective at preventing DNA damage than either 
Na2SeO4 (+6) or Na2Se (-2). Our results suggest that oxidation state of the selenium atom 
of the four inorganic selenium compounds tested plays an important role in the 
antioxidant activity of these compounds on copper-mediated DNA damage. 
 
Conclusions 
 
The essential micronutrient selenium is widely used in over-the-counter 
supplements, infant formulas, protein mixes, and animal feed, often in the form of its 
inorganic compounds.  Despite having received much attention for their antioxidant and 
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chemopreventative properties, uncertainties remain with regard to the concentration 
dependence and mechanism for these behaviors.16,18,30 We have shown that Na2SeO4 and 
Na2Se are unable to inhibit both iron-mediated and copper-mediated DNA damage, a 
surprising result given the ability of organic selenides to inhibit DNA damage under 
similar conditions.21,31  Additionally, SeO2 and Na2SeO3 behave as both pro-oxidants and 
antioxidants depending on the concentrations of selenium compound and H2O2 with iron-
mediated DNA damage, but were only antioxidants with copper-mediated DNA damage. 
Identification of these complex antioxidant and pro-oxidant behaviors help to reconcile 
seemingly conflicting results obtained in cell studies with these compounds,16,18,32 and 
also suggest that the more damage-neutral Na2SeO4 may be more suitable for use in 
selenium supplementation.  Our results also demonstrate that the formal oxidation state of 
the selenium atom is the primary determinant of antioxidant behavior for these inorganic 
selenium compounds, and not their overall charge. In addition, the antioxidant effects of 
both inorganic and organic selenium compounds have now been attributed to their 
coordination of the metal ions responsible for the production of reactive radicals,31 
indicating that this novel metal-coordination mechanism for antioxidant behavior may be 
relevant to antioxidant function in vivo. 
 
 
Materials and Methods 
 
Materials 
 
NaCl (99.999% to avoid trace metal contamination), Na2SeO3, SeO2 
Na2SeO4•10H2O, glacial acetic acid, NaOH, 30% H2O2 solution, FeSO4•7H2O, 
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CuSO4•5H2O, ascorbic acid, 2,2’-bipyridine and bromophenol blue were from Alpha 
Aesar. Glucose, agarose, and ampicillin were from EMD Chemicals. TRIS hydrochloride 
and sodium EDTA were from J.T. Baker. HCl was from VWR Scientific; ethidium 
bromide from Lancaster Synthesis Inc. Xylene cyanol, peptone, and yeast extract came 
from EM Science. D2O and DCl were from Acros, and NaOD was from Cambridge 
Isotope Laboratories, Inc. Water was purified using the NANOpure DIamond water 
deionization system (Barnstead International, Dubuque, IA). Iron-free microcentrifuge 
tubes were prepared by washing the tubes in 1 M HCl prior to use and rinsing thoroughly. 
77Se NMR data were obtained from a Bruker Avance 500 MHz NMR spectrometer. 
 
Purification of plasmid DNA  
DH1 E. coli cells were transfected with pBSSK, plated on LB/amp plates, and 
incubated for 16 h at 37 oC. Cell cultures were grown in TB/amp medium inoculated with 
a single colony and incubated for 15 h at 37 oC. Plasmid DNA was purified from the cell 
pellets using a QIAprep Spin Miniprep kit, and tris-EDTA (TE) buffer was used to elute 
the DNA. Dialysis of plasmid DNA was performed against 130 mM NaCl for 24 h at 
4 oC. The resulting DNA concentration was found using UV-vis measurements at A260 (1 
A260 = 50 ng/μL). Purity of plasmid DNA was determined via gel electrophoresis of a 
digested sample, and all absorbance ratios were within acceptable limits (A250/260 < 0.95, 
and A260/280 > 1.8).  
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DNA nicking experiments under Mode I conditions with Fe2+ 
 The indicated concentrations of Na2SeO3, Na2SeO4, SeO2 and Na2Se, 0.1 pmol 
plasmid DNA, 130 mM NaCl, 10 mM ethanol, 2 μM FeSO4•7H2O at pH 6 were 
combined and allowed to stand for 5 min at room temperature. H2O2 (50 μM)11 was then 
added and incubated for 30 min. EDTA (50 μM) was added after this time and a total 
volume of 10 μL was maintained with ddH2O. DNA was separated on 1% agarose gels 
via electrophoresis, stained with ethidium bromide for 30 min, and imaged on an 
UVIproDBT-8000 gel imager (UVITec, Cambridge, UK). Quantification of closed-
circular and nicked DNA was performed using the UviPro software and results were 
shown in a bar graph. For gels run with [Fe(EDTA)]2- (400 μM) as the iron source, a 
similar procedure was used substituting [Fe(EDTA)]2- (400 μM)  for FeSO4•7H2O. 
 
 DNA nicking experiments under Mode II conditions with Fe2+ 
 Similar procedures to Mode I experiments were followed with increases in 
ethanol (100 mM) and H2O2 (50 mM).11  Experiments with Na2SeO3 were performed at 
pH 7 without iron. 
 
DNA nicking experiments with copper 
 Similar procedures to Mode I experiments were followed using Cu+ (6 μM) as the 
metal source instead of Fe2+ at pH 7. For gels run with [Cu(bipy)]+ (50 μM) as the metal 
source, a similar procedure was used substituting [Cu(bipy)]+ (50 μM) for FeSO4•7H2O. 
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Data analysis 
 Percent DNA damage inhibition was determined using the formula 1-[% N / % 
B]*100, where % N = % nicked DNA in the selenium containing lanes and % B = % of 
nicked DNA in the Fe2+ or Cu+/H2O2 lane. Percentages are corrected for residual nicked 
DNA prior to calculation. Results are the average of three trials, and standard deviations 
are indicated by error bars.  Percent DNA damage was calculated using the formula [% N 
/ % B]*100, where % B = percent of nicked DNA in the H2O2 only lane. Statistical 
significance was determined by calculating p values at 95% confidence (p < 0.05 
indicates significance) as described by Perkowski et al.52 A complete listing of these 
values can be found at the end of this Materials and Methods section in Tables 2.2-2.18.  
 
77Se NMR Experiments 
 77Se NMR samples (0.75 mL) were prepared by adding SeO2 (2 M) or Na2SeO3 
(0.6 M) to solutions of NaCl (2 equiv.) in D2O. Appropriate amounts of NaOD or DCl 
were added to achieve the desired pD (6.4 or 7.4).  Conversion of pH into pD was 
performed using the formula p[D+] = 0.4 + p[H+].53,54 These experiments were performed 
using diphenyl diselenide as a reference (δ 850). 77Se NMR spectra obtained for these 
experiments are shown in Figures 2.11  and 2.12. 
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 Figure 2.11. 77Se NMR spectra of Na2SeO3 at (A) pH 6 and (B) pH 7. Both spectra show 
a singlet at δ 1274. 
 
 
Figure 2.12. 77Se NMR spectra of SeO2 at (A) pH 6 with a singlet at δ 1317, and (B) pH 
7 with a singlet at δ 1299. 
 
Tabular data for gel electrophoresis experiments 
Tabulated values for the percentages of closed, circular and nicked DNA bands 
observed in the gel electrophoresis experiments for Fe2+/H2O2 (pH = 6) in Mode I are 
B A 
B A 
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given in Tables 2.2-2.5. Tabulated values using [Fe(EDTA)]2- as the iron source instead 
of Fe2+ in Mode I at pH 6 are in Tables 2.6-2.7. Additionally, tabulated values of the 
compounds tested in the absence or presence of Fe2+ (pH = 6) in Mode II are given in 
Tables 2.8-2.11 and those with [Fe(EDTA)]2- are given in Table 2.12. Tabulated values 
for the inorganic selenium compounds tested with copper (pH 7) are given in Tables 
2.13-2.16 and those with [Cu(bipy)]+ are in Tables 2.17-2.18. All reported tabulated 
values are the average of three experimental trials with the indicated calculated standard 
deviation. 
 
 
Table 2.2. Tabulation for electrophoresis results for Na2SeO3 with Fe2+ (2 μM) and H2O2  
(50 μM) in Mode I (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 6.0 ± 3.0 94 0  
 
6 0.5 37 ± 6.5 63 36 ± 8.8 0.02 
 
7 5 39 ± 1.5 61 38 ± 3.9 0.004 
 
8 50 50 ± 4.7 50 52 ±7.3 0.007 
 
9 500 82 ± 0.96 18 89 ± 1.9 0.0002 
 
10 5000 83 ± 2.3 17 91 ± 2.0 0.0002 
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Table 2.3. Tabulation for electrophoresis results for Na2SeO4 with Fe2+ (2 μM) and H2O2  
(50 μM) in Mode I (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 2.0 ± 1.5 98 0  
 
6 0.5 3.7 ± 2.3 96.3 2.1 ± 1.4 0.12 
 
7 5 2.0 ± 0.78 98 -0.05 ± 1.1 0.94 
 
8 50 4.7 ± 3.7 95.3 3.4 ± 3.1 0.20 
 
9 500 2.2 ± 0.61 97.8 0.3 ± 1.4 0.75 
 
10 5000 5.0 ± 3.0 95 3.8 ± 3.1 0.17 
 
 
 
Table 2.4. Tabulation for electrophoresis results for Na2Se with Fe2+ (2 μM) and H2O2 
 (50 μM) in Mode I (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 0.0 ± 0.1 100 0  
 
6 
 
0.5 
 
0.1 ± 0.1 
 
99.9 
 
0.1 ± 0.1 
 
0.23 
 
7 5 0.2 ± 0.3 99.8 0.2 ± 0.3 0.37 
 
8 50 0.0  ± 0.2 100 0.0 ± 0.2 1.0 
 
9 100 0 .0 ± 0.3 100 0.0 ± 0.3 1.0 
 
10 200 0.2 ± 0.4 99.8 0.2 ± 0.4 0.48 
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Table 2.5. Tabulation for electrophoresis results for SeO2 with Fe2+ (2 μM) and H2O2  
(50 μM) in Mode I (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 22 ± 1.9 78 0  
      
6 0.5 6.0 ± 1.0 94 -21 ± 4.5 0.015 
 
7 5 5.4 ± 1.2 94.6 -22 ± 4.7 0.015 
 
8 50 6.6 ± 1.5 93.4 -20 ± 5 0.02 
 
9 500 34 ± 1.9 66 17 ± 3.1 0.01 
 
10 5000 97 ± 1.0 3.0 100 ± 0.5 < 0.0001 
 
 
 
Table 2.6. Tabulation for electrophoresis results for Na2SeO3 with [Fe(EDTA)]2- (400 
μM) and H2O2 (50 μM) in Mode I (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 38 ± 0.66 63 0.0  
      
6 0.5 39 ± 0.54 61 2.5 ± 1.8 0.14 
 
7 5 40 ± 1.9 60 4.8 ± 2.1 0.06 
 
8 50 40 ± 0.82 60 3.7 ± 0.3 0.003 
 
9 500 38 ± 0.82 62 0.2 ± 0.4 0.48 
 
10 5000 41 ± 0.66 59 6.5 ± 1.5 0.02 
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Table 2.7. Tabulation for electrophoresis results for SeO2 with [Fe(EDTA)]2- (400 μM)  
and H2O2 (50 μM) in Mode I (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 25 ± 2.7 75 0  
      
6 0.5 26 ± 2.1 74 1.7 ± 0.8 0.06 
 
7 5 25 ± 2.1 75 0.99 ± 0.9 0.18 
 
8 50 26 ± 2.9 74 2.6 ± 2.1 0.17 
 
9 500 27 ± 2.7 73   2.8 ± 0.6 0.02 
 
10 5000 26 ± 2.6 74 1.7 ± 1.4 0.17 
 
 
Table 2.8. Tabulation for electrophoresis results for Na2SeO3 and H2O2 (50 mM) without 
Fe2+ in Mode II (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% DNA 
Damage  
p-value 
3 0 98 ± 0.9 2.0 0  
      
5 0.5 90 ± 3.9 10 1.7 ± 4.4 0.56 
 
6 5 88 ± 1.8 11.7 3.4 ± 1.8 0.04 
 
7 50 90 ± 0.4 9.6 1.1 ± 0.13 0.005 
 
8 500 78 ± 1.6 22.5 15 ± 1.4 0.0006 
 
9 5000 9.1 ± 2.6 90.9 90 ± 3.0 0.0004 
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Table 2.9. Tabulation for electrophoresis results for Na2SeO4 with Fe2+ (2 μM) and H2O2  
(50 mM) in Mode II (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 19 ± 0.5 81 0  
      
6 0.5 21 ± 1.0 89 2.7 ± 2.3 0.18 
 
7 5 21 ± 1.3 89 3.7 ± 2.7 0.14 
 
8 50 21 ± 0.8 89 3.0 ± 2.0 0.12 
 
9 500 19 ± 0.7 81 0.6 ± 0.4 0.12 
 
10 5000 19 ± 0.4 81 0.2 ± 0.3 0.37 
 
 
 
Table 2.10. Tabulation for electrophoresis results for Na2Se with Fe2+ (2 μM) and H2O2  
(50 mM) in Mode II (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 7.5 ± 6.5 93.9 0  
      
6 0.5 0  100 -9.1 ± 7.9 0.18 
 
7 5 0 100 -9.1 ± 7.9 0.18 
 
8 50 0  100 -9.1 ± 7.9 0.18 
 
9 100 0 100 -9.1 ± 7.9 0.18 
 
10 200 0 100 -9.1 ± 7.9 0.18 
 
 
 
 
 
 
 
 
Table 2.11. Tabulation for electrophoresis results for SeO2 with Fe2+ (2 μM) and H2O2  
(50 mM) in Mode II (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 13 ± 1.1 87 0  
      
6 0.5 16 ± 2.1 84 4.5 ± 3.1 0.13 
 
7 5 20 ± 3.1 80 9.1 ± 3.8 0.05 
 
8 50 26 ± 2.4 74 18 ± 3.1 0.01 
 
9 500 34 ± 3.4 66 30 ± 5.6 0.01 
 
10 5000 72 ± 1.6 28 81 ± 7.3 0.003 
 
 
 
Table 2.12. Tabulation for electrophoresis results for SeO2 with [Fe(EDTA)]2- (400 μM)  
and H2O2 (50 mM) in Mode II (pH 6). 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 0.3 ± 0.3 99.7 0  
      
6 0.5 0.1 ± 0.2 99.9 -0.3 ± 0.2 0.12 
 
7 5 0.2 ± 0.3 99.8 -0.2 ± 0.2 0.23 
 
8 50 0.2 ± 0.3 99.8 -0.2 ± 0.2 0.23 
 
9 500 0.2 ± 0.3 99.8 -0.2 ± 0.2 0.23 
 
10 5000 0.2 ± 0.3 99.8 -0.2 ± 0.2 0.23 
 
 
 
 
 
 
 
87 
 
Table 2.13. Tabulation for electrophoresis results for Na2SeO3 with Cu+ (6 μM) and 
H2O2 (50 μM) at pH 7. 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 0.8 ± 0.3 99.2 0  
      
6 0.5 0.3 ± 0.7 99.7 -0.5 ±1.2 0.55 
 
7 5 0.6 ± 4.7 99.4 -0.2 ± 1.7 0.86 
 
8 50 0.7± 1.2 99.3 -0.1 ±2.2  
0.94 
9 500 12.6 ± 5.3 88.4 12.2 ± 4.4 0.04 
 
10 5000 93.4 ± 3.7 6.6 95.1 ± 3.9 0.0003 
 
 
 
Table 2.14. Tabulation for electrophoresis results for Na2SeO4 with Cu+ (6 μM) and 
H2O2 (50 μM) at pH 7.. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 2 ± 1.5 98 0 
 
 
6 0.5 3 ± 1.1 97 2.1 ± 1.4 
 
0.12 
7 5 2 ± 0.7 98 0.02 ± 1.1 
 
0.98 
8 50 5 ± 1.3 95 2.5 ± 3.1 
 
0.30 
9 500 2.2 ± 0.3 97.8 0.02 ± 1.4 
 
0.98 
10 5000 5 ± 3 95 3.8 ± 3.1 0.17 
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Table 2.15. Tabulation for electrophoresis results for Na2Se with Cu+ (6 μM) and H2O2 
(50 μM) at pH 7. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 0 ± 0.1 100 0 
 
 
6 0.5 0.1 ± 0.1 99.9 0.1 ± 0.1 
 
0.25 
7 5 0.2 ± 0.3 99.8 0.2 ± 0.3 
 
0.37 
8 50 0.2 ± 0.2 99.8 0.2 ± 0.2 
 
0.37 
9 100 0.1± 0.1 99.9 0.1 ± 0.1 
 
0.25 
10 200 0.2 ± 0.4 99.8 0.2  ± 0.4 0.45 
      
 
 
Table 2.16. Tabulation for electrophoresis results for SeO2 with Cu+ (6 μM) and H2O2 
(50 μM) at pH 7.. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 0 ± 0.1 100 0  
 
 
6 0.5 0.4 ± 0.7 99.6 0.1 ± 0.1 
 
0.25 
7 5 0.7 ± 0.1 99.3 0.2 ± 0.1 
 
0.48 
8 50 0.7 ± 0.2 99.3 0.3 ± 0.2 
 
0.12 
9 500 2.2 ± 1.5 98.8 3.5 ± 1.2 
 
0.04 
10 5000 65.5 ± 4.3 34.5 70.4 ± 3.3 0.0007 
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Table 2.17. Tabulation for electrophoresis results for Na2SeO3 with [Cu(bipy)2]+ (50 μM) 
and H2O2 (50 μM) at pH 7.. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 5 ± 0.7 95 0 
 
 
6 0.5 5.5 ± 0.5 94.5 1.5 ± 1.2 
 
0.16 
7 5 4.2 ± 1.9 95.8 2.1 ± 1.3 
 
0.11 
8 50 5.1 ± 0.8 94.9 1.5 ± 0.3 
 
0.01 
9 500 2 ± 0.8 98 0.2 ± 0.1 
 
0.07 
10 5000 2.3 ± 0.6 97.7 0.3 ± 0.2 0.12 
      
 
 
Table 2.18. Tabulation for electrophoresis results for SeO2 with [Cu(bipy)2]+ (50 μM) 
and H2O2 (50 μM) at pH 7.. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 16 ± 0.5 84 0 
 
 
6 0.5 10 ± 0.3 90 -4.7 ± 0.9 
 
0.01 
7 5 9.5 ± 1.2 90.5 -5.0 ± 1.2 
 
0.02 
8 50 8.3 ± 0.9 91.7 - 5.1 ± 0.2 
 
0.003 
9 500 8.1 ± 0.7 91.9 -5.5 ± 0.3 
 
0.0009 
10 5000 8 ± 0.8 92 -5.6 ± 0.1 0.0001 
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CHAPTER THREE 
INVESTIGATING THE ANTIOXIDANT PROPERTIES OF OXO-SULFUR 
COMPOUNDS ON METAL-MEDIATED DNA DAMAGE 
 
Introduction 
Reactive oxygen species (ROS) are generated from numerous processes including 
enzymatic activity, radiation, and metal ion reduction of oxygen compounds.1,2 ROS such 
as hydroxyl radical (•OH) oxidize biological components including lipids, proteins, and 
nucleic acids, leading to lipid peroxidation, enzyme deactivation, and oxidative DNA 
damage.3,4  Formation of •OH in vivo is caused by the reaction of Fe2+ or Cu+ with H2O2 
in Fenton or Fenton-like reactions:5,6 Fe2+ or Cu+ + H2O2 → Fe3+ or Cu2+ + •OH + OH-. 
Metal-generated •OH is the primary cause of DNA damage and cell death under 
oxidative stress in mammals, including humans.7,8  Oxidative DNA damage occurs at 
either the backbone or bases, with base damage primarily occurring at guanine-rich sites.9 
Oxidative stress due to DNA damage has been linked to several pathological conditions 
including aging,10 cancer,2 and cardiovascular11 and neurodegenerative diseases.12   
Iron and copper are the most prevalent transition metals in biological systems and 
are required for the activity of many enzymes and proteins.13 Although both metals are 
typically found in proteins, non-protein-bound (labile) pools of Fe2+ and Cu+ contribute to 
cellular oxidative stress.2 It has been reported that the concentration of labile iron in E. 
coli is ~10-20 μM.14,15  In yeast, the concentration of labile copper was calculated to be 
less than 10-18 M,16,17 but recent studies indicate a significant labile copper pool in mouse 
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mitochondria.18 Studies have also shown that copper levels vary according to location, 
with copper concentrations in blood serum ranging from 10-25 μM, 0.5-2.5 μM in 
cerebrospinal fluid, and 30 μM in the synaptic cleft.19,20 Copper concentrations are 
significantly higher in the brain with concentrations ranging from 1.3 mM to 0.4 mM.19,20  
Even if normal levels are not sufficient to cause significant oxidative damage, 
mildly-elevated iron levels are linked to increased cancer incidence in humans,21 and 
increases in cellular iron and copper concentrations are associated with oxidative stress in 
neurodegenerative diseases, as well as increased risk of cardiovascular disease.22-28 
Antioxidants from fruits and vegetables have been widely studied for their ability 
to reduce or prevent the effects of oxidative DNA damage.2,29-31 Garlic has been shown to 
have many health benefits, including antioxidant and antibacterial activities, cholesterol 
lowering activity, and tumor growth inhibition.32 The medicinal properties of garlic are 
mainly due to allicin, the organosulfur compound responsible for its pungent odor (Figure 
3.1).  Allicin is generated when alliin, produced from the crushing of garlic, reacts with 
the enzyme alliinase.33  Rabinkov et al. used spin trapping techniques to determine that 
allicin scavenged •OH produced by the Fenton reaction.32 However, in 
spectrophotometric investigations also using iron-generated •OH, allicin was an 
inefficient •OH scavenger.4 Disparities concerning the antioxidant activity of allicin may 
be due to the use of crude garlic extracts in these experiments, since the observed 
antioxidant activity may be attributed to other endogenous components.34,35  
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Figure 3.1. Structures of oxo-sulfur compounds discussed in this chapter: allicin, 
methionine sulfoxide (MetSO), methylcysteine sulfoxide (MeCysSO), methyl phenyl 
sulfoxide (MePhSO), methyl methanethiosulfonate, (MMTS), and dimethyl sulfone 
(Me2SO2). 
 
Oxidation of biological sulfur compounds is an active area of research for reasons 
extending beyond their role as antioxidants.  ROS oxidation of methionine (Met) 
produces methionine sulfoxide (MetSO, Figure 3.1), and oxidation of this residue may 
alter protein structure and function.36-40 Further oxidation of methionine sulfoxide by 
ROS has been reported to produce sulfones or radicals that induce oxidative DNA 
damage.41 To reverse this oxidation, methionine sulfoxide reductases reduce MetSO back 
to Met.42-45 In contrast, recent studies indicate that oxidized methionine residues in 
proteins do not contribute to loss of protein function and, in fact, show antioxidant 
behavior.46,47 Only a few studies have investigated the antioxidant activity of 
methylcysteine sulfoxide (MeCysSO), but Nishimura et al. found that MeCysSO prevents 
formation of lipid hydroperoxides in human low-density lipoprotein (LDL).48  
Organosulfur compounds such as methionine and methylcysteine (MeCys) 
effectively prevent Cu+-mediated oxidative DNA damage from •OH, but are not effective 
at preventing Fe2+-mediated DNA damage.49 In addition, gel electrophoresis experiments 
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performed on inorganic selenium compounds indicate that oxidation state of the selenium 
atom may play a role in preventing metal-mediated DNA damage,50 and that metal 
coordination is a possible mechanism by which sulfur and selenium compounds exert 
their antioxidant activities.49-51 Despite their proven antioxidant properties, little work has 
been done to similarly examine analogous oxidized sulfur compounds for antioxidant 
activity. This work has been previously published in Main Group Chem. 2007, 6, 143-
153.52 
   
Results and Discussion 
 
Inhibition of Cu+-mediated DNA damage by oxo-sulfur compounds 
Using DNA gel electrophoresis, we have examined five oxo-sulfur compounds 
for their ability to inhibit copper- and iron-mediated DNA damage: MetSO, MeCysSO, 
methyl phenyl sulfoxide (MePhSO), methyl methanethiosulfonate (MMTS), and 
dimethyl sulfone (Me2SO2; Figure 3.1).  For these experiments, Cu+ or Fe2+ and H2O2 are 
combined to generate •OH in the presence of plasmid DNA. Hydroxyl radical oxidatively 
cleaves one strand of the DNA backbone, resulting in unwinding of the supercoiled 
plasmid into the circular, nicked form. The damaged and undamaged forms of DNA are 
then separated by gel electrophoresis and the resulting bands are quantified to determine 
the percentage of damaged and undamaged DNA. By addition of increasing 
concentrations of oxo-sulfur compound to these reactions, DNA damage inhibition by the 
compound can be quantified. 
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The gel image in Figure 3.2A shows the effect of methylcysteine sulfoxide 
(MeCysSO) on DNA damage produced by freshly-prepared Cu+ and H2O2 at pH 7.  
Hydrogen peroxide alone (lane 3) and MeCysSO with H2O2 (lane 4) do not generate 
DNA damage as compared to the plasmid DNA control (lane 2).  In contrast, addition of 
both H2O2 and Cu+ produced 74% damaged (nicked) DNA (lane 5), and upon adding 
increasing concentrations of MeCysSO (0.1-1500 μM, lanes 6-15), this DNA damage 
significantly decreases.  Quantification of the band intensities indicates that MeCysSO 
inhibits 100% of copper-mediated DNA damage at 1500 μM (Table 3.2).  The results of  
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Figure 3.2. A) Agarose gel showing the effect of MeCysSO on Cu+-mediated DNA 
damage.  Lanes: 1) 1 kb DNA ladder; 2) plasmid DNA (p); 3) p + H2O2; 4) p + H2O2 + 
MetSO; 5) p + H2O2 + Cu2+/ascorbate; 6-15) same as lane 5 with increasing [MeCysSO]: 
0.1, 1, 3, 5, 7, 10, 50, 100, 1000, 1500 µM, respectively.  B) Plot of DNA damage 
inhibition vs. log concentration of MeCysSO.  The line indicates the best-fit sigmoidal 
dose-response curve, and error bars show the standard deviation of three duplicate trials 
(error bars are smaller than symbols). 
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these gel studies were plotted and fit to a sigmoidal dose-response curve to determine the 
concentration required to inhibit 50% of copper-mediated DNA damage (IC50; Figure 
3.2B).  For MeCysSO, this IC50 concentration is 8.1 ± 1 μM (Hillslope = 1.27). 
MetSO, MePhSO, MMTS, and Me2SO2 were also tested for prevention of copper-
mediated DNA damage using the same method, and the results are given in Table 3.1.  
MetSO inhibits 100% of DNA damage at 2000 μM (p < 0.001; Figure 3.3A), but its IC50 
value of 18 ± 3 μM (Hillslope = 1.12, Figure 3.4) is significantly higher than that of 
MeCysSO.  MePhSO and Me2SO2 have no effect on oxidative DNA damage, even at 
5000 μM, whereas MMTS is a pro-oxidant at the highest concentration tested (5000 μM), 
further damaging DNA by 35% (p = 0.005) under these conditions (Figure 3.3).  From 
these results, it is clear that the nature of the oxo-sulfur compound significantly 
contributes to the observed antioxidant (or pro-oxidant) activity observed for copper-
mediated DNA damage. 
Comparing the antioxidant ability of MeCysSO and MetSO to similar 
experiments with copper-mediated DNA damage inhibition of the non-oxidized amino 
acids Met and MeCys, it is clear that all four of these compounds are strong antioxidants, 
with IC50 values in the low micromolar range (Table 3.1).  While the IC50 values for 
MeCys and MeCysSO are similar (8.9 and 8.1 μM, respectively), the IC50 value for Met 
is significantly lower than that of MetSO (11.2 and 18 μM, respectively; p = 0.01 for both 
compounds), indicating that the reduced form of this amino acid is a more potent 
antioxidant under these conditions.  
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Table 3.1.  IC50 values and λmax for oxo-sulfur compounds with Cu+ and H2O2 and 
maximal DNA damage inhibition for Fe2+ and H2O2. 
 
Compound IC50 (μM) with Cu+a λmax 
(nm)b 
Maximum DNA 
damage inhibition (%) 
with Fe2+ 
Reference 
MeCysSO 8.1 ± 1.0 237 17 ± 3 at 1000 μM this work 
MetSO 18 ± 3.0 236 - this work 
MMTS  35 ± 4 % DNA 
damage at 1000 μM 
- 20 ± 4 at 1000 μM this work 
MePhSO  - - - this work 
Me2SO2  - - - this work 
Met 11.2 ± 0.02 235 - 47, 56 
MeCys 8.9 ± 0.02 239 13 ± 4 % DNA damage 
at 1000 μM 
47, 56 
a IC50 is defined as the concentration at which the compound inhibits 50% of DNA 
damage. 
b λmax was determined from the difference in absorbance between the Cu+/oxosulfur 
compound spectrum and the separate Cu+ and oxo-sulfur spectra. 
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Figure 3.3. Gel images showing the ability of oxo-sulfur compounds to inhibit Cu+-
mediated DNA damage using 6 μΜ Cu2+, 7.5 μM ascorbate and 50 μM H2O2 in 10 mM 
MOPS buffer (pH 7). Tabulated data (Tables 3.3-3.3.6) give the concentrations for each 
oxo-sulfur compound. A) methionine sulfoxide (MetSO); B) methyl 
methanethiosulfonate (MMTS); C) methyl phenyl sulfoxide; and D) dimethyl sulfone 
(Me2SO2). 
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Figure 3.4. Best-fit sigmoidal dose-response curve of percent DNA damage inhibition 
with Cu+/H2O2 versus log concentration of methionine sulfoxide (μM) to determine the 
concentration required to inhibit 50% of DNA damage (IC50). Error bars show the 
standard deviation of three duplicate trials (error bars are smaller than symbol). 
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Inhibition of Fe2+-mediated DNA damage by oxo-sulfur compounds 
For gel electrophoresis experiments with iron-generated •OH, freshly-prepared 
FeSO4 solutions are used as the Fe2+ source, and the reactions are carried out at pH 6 due 
to the insolubility of iron at higher pH.  Figure 3.5 shows the gel results when increasing 
concentrations of MeCysSO are added to Fe2+ and H2O2 in the presence of DNA.   
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Figure 3.5. Agarose gel showing the effect of MeCysSO on Fe2+-mediated DNA 
damage. Lanes: 1) 1 kb DNA ladder; 2) plasmid DNA (p); 3) p + H2O2; 4) p + H2O2 + 
MeCysSO; 5) p + H2O2 + Fe2+, 6-10) same as lane 5 with increasing [MeCysSO]: 0.1, 1, 
10, 100, 1000 μM, respectively.  
 
 
Although some DNA damage inhibition is observed at the highest concentration tested 
(17 ± 3 % at 1000 μM; p = 0.01), the antioxidant activity in the iron system is much less 
than that seen for copper-mediated DNA damage. 
MMTS also shows a small amount of antioxidant activity (20 ± 4 % at 1000 μM; 
p = 0.01), comparable to the antioxidant activity of MeCysSO.  MetSO, MePhSO and 
Me2SO2 had no effect on iron-mediated DNA damage (Table 3.1; Figure 3.6).  
Interestingly, no activity is observed for MetSO, in contrast to its significant antioxidant 
behavior in the copper system, and MMTS promotes copper-mediated DNA damage but 
decreases iron-mediated damage.  Once again, it is clear that not all oxidized sulfur 
compounds have similar activities with iron-mediated DNA damage.   
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Under iron-mediated DNA damage conditions, Met shows no significant DNA 
damage inhibition with iron, similar to its oxidized analog MetSO, whereas MeCys 
promoted DNA damage by 13% in contrast to the 17% DNA damage inhibition observed 
for MeCysSO.49 In this case, oxidation of the amino acid changes the behavior of the 
compound from pro-oxidant to antioxidant.  Xiao and Parkin determined that compounds 
with the thiosulfonate group (R-S(O)S-R) including MMTS and allicin, effectively 
scavenge iron-generated •OH.34 MMTS prevents iron-mediated DNA damage by •OH, 
but notably promotes copper-mediated DNA damage. The differences between the results 
for iron- and copper-mediated damage indicate that the nature of the metal ion plays a 
crucial role in antioxidant or pro-oxidant activity of these compounds. 
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Figure 3.6. Gel images showing the ability of oxo-sulfur compounds to inhibit Fe2+-
mediated DNA damage using 2 μΜ Fe2+and 50 μM H2O2 in 10 mM MES buffer (pH 6). 
Tabulated data (Tables 3.11-3.14) give the concentrations for each oxo-sulfur compound. 
A) methionine sulfoxide (MetSO); B) methyl methanethiosulfonate (MMTS); and C) 
methyl phenyl sulfoxide; and D) dimethyl sulfone (Me2SO2). 
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Antioxidant activity and metal coordination 
Battin et al. report that Cu-S charge-transfer bands around 240 nm in the UV-vis 
spectrum are observed for all the antioxidant sulfur-containing compounds tested, and 
that this charge transfer band is absent for the sulfur compounds lacking antioxidant 
activity (Table 3.1).49 Similarly, addition of MetSO (Figure 3.7) and MeCysSO (Figure 
3.11) to Cu2+/ascorbate solution also results in Cu-S charge transfer bands around 240 nm 
that were not present for the other oxo-sulfur compounds.  These UV-vis results indicate 
that these two oxo-sulfur compounds coordinate the copper, and it is likely that this 
interaction plays a role in their observed antioxidant activity. 
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Figure 3.7. UV-vis spectra of MetSO (116 μM), Cu2+/ascorbic acid (AA; 58 μM and 
72.5 μM, respectively), and Cu2+/ascorbic acid + MetSO in water at pH 7.  
 
To test this copper-coordination hypothesis of antioxidant activity, plasmid DNA 
electrophoresis experiments were conducted by substituting [Cu(bipy)2]+ for Cu+ as the 
copper source.  Since 2,2’-bipyridine (bipy) ligands completely coordinate Cu+, no free 
site for binding of an oxo-sulfur compound is available.  [Cu(bipy)2]+ reduces H2O2 to 
yield DNA-damaging •OH (Figure 3.8, lane 5), but if copper coordination is required for 
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the antioxidant properties of oxo-sulfur compounds, no inhibition of DNA damage should 
be observed. 
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Figure 3.8. Agarose gel showing the effect of MetSO with [Cu(bipy)2]+ . Lanes: 1) 1 kb 
DNA ladder; 2) plasmid DNA (p); 3) p + H2O2; 4) p + H2O2 + MetSO; 5) p + H2O2 + 
[Cu(bipy)2]2+/ascorbate; 6-10) same as lane 5 with increasing [MetSO]: 0.1, 1, 10, 100, 
1000 μM, respectively.  
 
As can be seen in lanes 6-10 of the gel in Figure 3.8, increasing MetSO 
concentration from 0.1 to 1000 μM results in some antioxidant activity, but at 1000 μM, 
DNA damage was inhibited by 43 ± 3 % (p = 0.002) compared to 100% with Cu+ alone 
(Figure 3.8).  MeCysSO also exerted antioxidant activity in the presence of [Cu(bipy)2]+ 
and H2O2, inhibiting 88 ± 4 % damage DNA at 1000 μM (p < 0.001) compared to 100% 
with Cu+ alone (Figure 3.9A). Since coordination of the copper by the bipyridine ligands 
significantly reduces antioxidant activity for both these compounds, copper coordination 
is likely one factor in their antioxidant activity.  However, since some antioxidant activity 
is still observed under these conditions, a second mechanism, such as •OH scavenging, is 
likely responsible for the observed antioxidant effects.  This is in direct contrast to similar 
experiments with Met and MeCys that show a complete inhibition of antioxidant 
behavior when [Cu(bipy)2]+ is used as the copper source in similar experiments.49   
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MMTS was again a pro-oxidant under these conditions with [Cu(bipy)2]+, 
increasing DNA damage by 44 ± 7 % at 1000 μM (p = 0.007; Figure 3.9B), a slightly-
higher percentage than observed with uncoordinated Cu+ (35 ± 4 % at 1000 μM).  Thus, 
copper coordination is not required for the observed pro-oxidant activity of MMTS.  
UV-vis studies on the five oxo-sulfur compounds resulted in no new absorption 
band upon addition of Fe2+, suggesting that no Fe-S coordination occurs, consistent with 
the generally weak activity seen for the oxo-sulfur compounds with iron compared to 
copper.  Experiments were also conducted to determine whether iron coordination is 
required for the antioxidant activity of oxo-sulfur compounds by using [Fe(EDTA)]2- 
instead of Fe2+ to generate DNA-damaging •OH (Figure 3.10).  As with [Cu(bipy)2]+, 
EDTA coordinates to Fe2+, leaving no space for the coordination of an oxo-sulfur 
compound.  Surprisingly, the slight antioxidant activity of both MeCysSO and MMTS 
observed with Fe2+ is completely unobserved in the [Fe(EDTA)]2-/H2O2 system,  
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Figure 3.9. Gel images showing the ability of oxo-sulfur compounds to inhibit 
[Cu(bipy)2]+-mediated DNA damage using 50 μΜ [Cu(bipy)2]+, 62.5 μM ascorbate and 
50 μM H2O2 in 10 mM MOPS buffer (pH 7). Tabulated data (Tables 3.8-3.9) give the 
concentrations for each oxo-sulfur compound. A) methylcysteine sulfoxide (MeCysSO) 
and B) methyl methanethiosulfonate (MMTS). 
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Figure 3.10. Gel images showing the ability of oxo-sulfur compounds to inhibit 
[Fe(EDTA)]2--mediated DNA damage using 400 μΜ [Fe(EDTA)]2- and 50 μM H2O2 in 
10 mM MES buffer (pH 6). Tabulated data (Tables 3.15-3.16) give the concentrations for 
each oxo-sulfur compound A) methyl-cysteine sulfoxide (MeCysSO) and B) methyl 
methanethiosulfonate (MMTS). 
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Figure 3.11. UV-vis spectra of oxo-sulfur compounds (116 μM), Cu2+ (58 μM)/ascorbate 
(72.5 μM), and oxo-sulfur compound + Cu2+/ascorbate with MOPS buffer (pH 7, 10 
mM): A) methylcysteine sulfoxide (MeCysSO) B) methyl methanethiosulfonate 
(MMTS); and C) methyl phenyl sulfoxide; and D) dimethyl sulfone (Me2SO2). 
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Figure 3.12. UV-vis spectra of oxo-sulfur compounds (300 μM), Fe2+ (150 μM), and 
oxo-sulfur compound + Fe2+ maintained at pH 6 with MES buffer (10 mM): A: 
methionine sulfoxide (MetSO); B: methyl-cysteine sulfoxide (MeCysSO) C: methyl 
methanethiosulfonate (MMTS); and D: methyl phenyl sulfoxide; and E: dimethyl sulfone 
(Me2SO2). 
 
indicating that a weak interaction between these compounds and iron may be responsible 
for their observed antioxidant effects.  
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Oxidation state and antioxidant activity 
Previous work with inorganic selenium compounds suggests that oxidation state 
of the selenium atom may play a role in their antioxidant activity.  Sodium selenite and 
selenium dioxide both have selenium oxidation states of +4, and both are effective at 
inhibiting Fe2+-mediated DNA damage.  In contrast, compounds with selenium oxidation 
states of +6 (sodium selenate) and –2 (sodium selenide) exhibited no antioxidant activity 
under the same conditions.  The five oxo-sulfur compounds tested also differ in oxidation 
state of the sulfur atom: MetSO, MeCysSO, and MePhSO have an oxidation state of 0, 
the oxidized sulfur of MMTS has an oxidation state of +1, whereas that of the sulfide is –
1, and in Me2SO2 the sulfur oxidation state is +2.  Comparing the results in Table 3.1, no 
definitive trend can be identified due to the limited number of compounds tested, but the 
ability of oxo-sulfur compounds to inhibit copper-mediated DNA damage may decrease 
as the oxidation state of the thiolate sulfur atom increases.  Further systematic testing of 
the antioxidant properties of oxo-sulfur compounds is needed to firmly establish this 
result. 
 
Mass spectrometry evidence for metal binding to sulfur and selenium antioxidants 
Recently, sulfur and selenium containing compounds were tested for their ability 
to prevent copper-mediated oxidative damage (Figure 3.12).49,53 Eight of the sulfur 
compounds tested, including cystine (Cys2), cysteine (Cys), and methionine sulfoxide 
(MetSO) were potent antioxidants, with IC50 values ranging from 3.3-18 μM.49,52 
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Interestingly, only three of the ten selenium compounds tested prevented copper-
mediated DNA damage, with IC50 values between 3.3 and 25 μM.53  
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Figure 3.13. Structures of selenium and sulfur compounds studied for metal binding 
using mass spectroscopy. 
 
Additional gel electrophoresis experiments established that copper binding to 
most selenium and sulfur compounds is the primary mechanism for their antioxidant 
activity.49,53 Experiments with MetSO and methyl cysteine sulfoxide (MeCysSO) indicate 
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that copper coordination is only partly responsible for their antioxidant activity since both 
compounds also prevented DNA damage by [Cu(bipy)2]+/H2O2.52  
As previously described, UV-vis spectroscopy was also used to examine copper 
binding to selenium and sulfur compounds. Adding antioxidant sulfur compounds (Figure 
3.13) to Cu+ results in a new absorption band at 240 nm, indicative of Cu-S charge 
transfer.49,51,52 Similarly, adding selenium antioxidants (Figure 3.13) to Cu+, results in 
new absorption bands between 226 and 240 nm, indicative of Cu-Se coordination.53 
These charge transfer bands were unobserved for compounds that had no antioxidant 
activity in the presence of Cu+ and H2O2.49,52,53  
Electrospray ionization mass spectroscopy (ESI-MS) is a widely used technique 
for analysis of metal coordination complexes and covalent organometallic 
compounds.54,55 To confirm metal coordination as the mechanism for antioxidant activity 
of selenium and sulfur compounds, ESI-MS was utilized. This technique was also used to 
examine stoichiometric ratios of copper binding to the antioxidant compounds. In these 
experiments, Cu2+ was reduced to Cu+ by ascorbic acid in situ, and the combined with 
either selenium or sulfur compounds in Cu+:antioxidant compound ratios of 1:1, 1:2, or 
1:3. Analysis of the mass spectra obtained indicates that copper generally coordinates to 
the selenium or sulfur compounds with 1:1 stoichiometry (Table 3.2). Furthermore, 
nearly all of the compounds that showed antioxidant activity also showed copper 
coordination, confirming the metal-coordination results obtained in gel electrophoresis 
and UV-vis experiments.  
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Selenomethionine (SeMet) was found to be an effective antioxidant with an IC50 
of 25.1 ± 0.01 μM.49,56 Mass spectra obtained using different ratios of Cu+:SeMet showed 
a signal at m/z 259.8 Da, suggesting that copper binds to SeMet only in a 1:1 
stiochiometric ratio. Similarly, methyl selenocysteine (MeSeCys), a more potent 
antioxidant (IC50 = 10.0 ± 0.02 μM)49,56 than SeMet, has a peak envelope at m/z 245.8 
 
Table 3.2. IC50 and ESI-MS values of selenium and sulfur compounds discussed in this 
chapter. 
Compound IC50 (μM)a with Cu+ Cu+ : Se or S 
compound 
m/z  (Da) Referenceb 
SeMet 25.1 ± 0.01 1:1 259.8  53 
MeSeCys 10.0  ± 0.02 1:1 245.8 53 
SeCys2  3.34 ± 0.08 - - 53 
SeCysta - - - 53 
33SBPA - - - 53 
MeCys 8.90 ± 0.02 1:1 197.9 49, 56 
Met 11.20  ± 0.02 1:1 211.9 49, 56 
Cys2 3.34  ± 0.07 - - 49, 56 
Cysta - - - 49, 56 
GSH 12.98 ± 0.01 1:1 369.0 49, 56 
GSSG 6.82 ± 0.03 1:1 674.0 49, 56 
2APS2 - - - 49, 56 
MetSO 18 ± 3.0 1:1 228.0 52, 56 
MeCysSO 8.1 ± 1.0 1:1, 1:2 213.9, 363.9 52, 56 
MMTS 35 ± 4% DNA 
damage at 5000 μM
1:1, 1:2 189.9, 314.9 52, 56 
MePhSO - 1:1, 1:2 202.9, 342.9 52, 56 
Me2SO2 - - - 52, 56 
26DAPA 5.84 ± 0.05 1:1 253.0 53 
Gly 22.04 ± 0.01 1:1 138.0 53 
a IC50 is defined as the compound concentration that inhibits 50% copper-mediated DNA 
damage. 
b References are for the IC50 values. 
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Da, also indicating 1:1 binding. Similar results were observed for the sulfur analogs, 
methionine (Met) and methyl cysteine (MeCys), with m/z values of 211.9 Da and 197.9 
Da, respectively (Table 3.2).  
Interestingly, cystine and selenocystine are potent antioxidants, with similar IC50 
values of 3.34 ± 0.07 μM and 3.34 ± 0.08 μM, respectively; however no clear copper 
coordination signals are observed at any Cu+:antioxidant compound ratio tested (Table 
3.2). These two compounds are the only two that have IC50 values but do not exhibit 
copper coordination by mass spectrometry.  It is possible that the Cu-disulfide or Cu-
diselenide interactions are somewhat weak and do not survive conditions of the mass 
spectrometry However, oxidized glutathione, another disulfide with potent antioxidant 
activity, does show copper coordination.  The absence of observed copper coordination 
for cystine and selenocystine also contradict results obtained from UV-vis experiments, 
showing Cu-S and Cu-S charge transfer bands due to copper binding.49  
A previous study observed copper binding to cystine and glutathione in a 2:1 
molar ratio (m/z 603 Da) and a 1:1 (m/z 672 Da), respectively, using ESI-MS.57 The 
stability of these copper complexes was found to change over time, and complexation of 
copper with oxidized glutathione is more stable than with cystine.57 This stability factor 
may also contribute to the lack of observed copper coordination with cystine and 
selenocystine.   
Interestingly, complexation between copper and oxo-sulfur compounds extends to 
both antioxidant and pro-oxidant activities. MeCysSO, an effective antioxidant against 
copper-mediated DNA damage (IC50 = 8.1 ± 1.0 μM)52,56 showed stoichiometries of 1:1 
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(m/z 213.9 Da) and 1:2 (m/z 363.9) upon addition of two equivalents of MeCysSO to one 
equivalent of copper. The less potent antioxidant, MetSO (IC50 = 18 ± 3.0 μM)52,56 
showed only 1:1 copper binding regardless of the Cu+:MetSO molar ratio used. 
Surprisingly, although MePhSO and MMTS do not prevent copper-mediated DNA 
damage, both coordinate to copper. MePhSO binds to copper in both a 1:1 (m/z 202.9 
Da) and 1:2 (m/z 342.9 Da) Cu+ to MePhSO ratio. MMTS is a pro-oxidant at high 
concentrations, and binds copper in both 1:1 and 1:2 ratios, with m/z 189.9 Da and 314.9 
Da, respectively (Table 3.2). However, UV-vis experiments with MMTS and Cu+ 
resulted in no observed Cu-S charge transfer band.52 These experiments indicate that 
copper binding is necessary but not sufficient for the antioxidant activity of sulfur 
compounds, and additional studies are required to fully determine the factors involved in 
sulfur and selenium antioxidant activity in addition to copper binding. 
The disparities in the mass spectroscopy, UV-vis, and gel electrophoresis for 
sulfur compounds suggest that the copper-binding mechanism for the antioxidant and 
pro-oxidant activity of these compounds is complex. Results may be dependent on 
differences in Cu+:sulfur compound ratio, concentration, or copper complex stability in 
aqueous solutions. In addition, the structural characteristics of these sulfur and selenium 
compounds likely play a significant role in both copper coordination and the resulting 
antioxidant activity of these compounds. 
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Conclusions 
The DNA damage inhibition abilities of several oxo-sulfur compounds were 
examined for both copper- and iron-mediated •OH damage.  Both MetSO and MeCysSO 
were found to be effective at preventing copper-mediated DNA damage, with IC50 values 
in the low micromolar range. Overall, the results ranged from potent antioxidant activity 
to pro-oxidant activity, indicating that the nature of the oxo-sulfur compounds is an 
important factor for antioxidant activity. All of the oxo-sulfur compounds tested showed 
less pronounced antioxidant or pro-oxidant activity with iron-mediated DNA damage. 
UV-vis spectroscopy indicated that Cu-S coordination occurs only for the oxo-sulfur 
compounds that prevent copper-mediated DNA damage, and electrophoresis experiments 
confirm that copper coordination is required for a substantial amount of the observed 
antioxidant activity of these compounds, although a second antioxidant mechanism is 
also responsible for additional antioxidant activity. Studies are currently being performed 
to correlate these gel electrophoresis results with the ability of oxidized sulfur compounds 
to inhibit metal-mediated cell death in vivo.  Additional studies on how metal 
coordination promotes the observed antioxidant activity are also underway to provide 
mechanistic details on the effects of protein oxidation and the antioxidant effects of 
garlic, onions, and other sulfur-containing foods.  
These ESI-MS experiments performed confirm copper binding for the majority of 
sulfur and selenium antioxidant compounds, with a 1:1 stoichiometry being predominant. 
Interestingly, copper coordination as observed by ESI-MS seems to be necessary but not 
sufficient for antioxidant (or pro-oxidant) activity. For example, antioxidant compounds 
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such as MMTS and MePhSO show copper coordination, but have little or no observed 
DNA damage prevention abilities.  To further understand how copper binding results in 
antioxidant behavior, experiments showing how copper binds to the sulfur and selenium  
compounds are essential. These experiments may include extended X-ray absorption fine 
structure (EXAFS) analysis to determine the coordination environment of copper-
selenium or -sulfur complexes, if suitable crystals cannot be grown for X-ray structural 
analysis.  Additionally, synthesis of related copper-selenium or -sulfur complexes may 
also be useful in further exploring the copper coordination to sulfur and selenium 
compounds. These experiments, in addition to the studies presented in this chapter, will 
help in understanding the antioxidant mechanisms of selenium and sulfur compounds.  
 
Materials and Methods 
 
Materials 
NaCl (99.999% to avoid trace metal contamination), selenomethionine, reduced 
and oxidized glutathione, and methyl-selenocysteine were purchased from Acros. 
Selenocystamine, methyl-cysteine, 2,6-diaminopimelic acid, selenocysteine, methionine 
sulfoxide, methyl cysteine sulfoxide, methyl phenyl sulfoxide, methyl methane 
thiosulfonate, and dimethyl sulfone were from Sigma-Aldrich. Glycine and ascorbic acid 
were purchased from J. T. Baker, and cysteine came from Alfa Aesar. Cystamine, 
methionine, and 2-aminophenyl disulfide were purchased from TCI America, and cystine 
came from Lancaster.. H2O2 solution (30%), FeSO4•7H2O, and CuSO4•5H2O were from 
Fisher. EDTA (disodium salt) and ascorbic acid were from J.T. Baker. MES and MOPS 
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were from Acros and 2,2’-bipyridine came from Alfa Aesar. Water was purified using the 
NANOpure DIamond water deionization system (Barnstead International, Dubuque, IA). 
Iron-free microcentrifuge tubes were prepared by washing the tubes in 1 M HCl prior to 
use and rinsing thoroughly with ddH2O.  Degassed ddH2O was used for all mass 
spectroscopy experiments and was prepared by bubbling nitrogen gas into deionized 
water for 12 h prior to use.  
 
DNA purification 
Plasmid DNA was purified from DH1 E. coli cells using a QIAprep Spin 
Miniprep kit (Qiagen, Chatsworth, CA), eluted using Tris-EDTA (TE) buffer, and then 
dialyzed against 130 mM NaCl for 24 h at 4 oC. The resulting DNA concentration was 
determined using UV-vis measurements at A260 (1 A260 = 50 ng/μL) with a Shimadzu 
UV-3101 PC spectrophotometer. Purity of plasmid DNA was determined via gel 
electrophoresis of a digested sample, all DNA samples had absorbance ratios of A250/260 < 
0.95 and A260/280 > 1.8.  
 
DNA nicking experiments with Fe2+ and H2O2 
The indicated concentrations of MetSO, MeCysSO, MePhSO, MMTS or Me2SO2, 
0.1 pmol plasmid DNA, 130 mM NaCl, 10 mM ethanol, freshly-prepared 2 μM 
FeSO4•7H2O maintained at pH 6 with MES buffer were combined and allowed to stand 
for 5 min at room temperature. H2O2 (50 μM) was then added and incubated for 30 min 
to produced sufficient nicked (damaged) DNA with the iron concentration used in these 
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experiments.  EDTA (50 μM) was added after this time and a total volume of 10 μL was 
maintained with ddH2O.  DNA was separated on 1% agarose gels via electrophoresis, 
stained with ethidium bromide for 30 min, and imaged on an UVIproDBT-8000 gel 
imager (UVITec, Cambridge, UK).  Quantification of closed-circular and nicked DNA 
was performed using the UviPro software and results were shown in a bar graph.  
Ethidium stains Circular DNA less efficiently than nicked DNA, so Circular DNA band 
intensities were multiplied by 1.24 prior to comparison.58 For gels run with Fe(EDTA)2- 
(400 μM) as the iron source, a similar procedure was used substituting Fe(EDTA)2- (400 
μM)  for FeSO4•7H2O. 
 
DNA nicking experiments with Cu+ and H2O2 
Similar procedures to the Fe2+/H2O2 experiments were followed using 
CuSO4•5H2O (6 μM) and ascorbic acid (7.5 μM) instead of iron to produce sufficient 
DNA damage upon addition of H2O2. The pH was maintained at pH 7 with MOPS buffer.  
For gels run with [Cu(bipy)2]+ as the copper source, a similar procedure was followed 
substituting [Cu(bipy)2]+ (50 μM) for CuSO4•5H2O and increasing ascorbic acid 
concentration to 62.5 μM. 
 
Gel analysis and IC50 determination 
Percent DNA damage inhibition was determined using the formula 1-[% N / % 
B]*100, where % N = % nicked DNA in the oxo-sulfur containing lanes and % B = % of 
nicked DNA in the Fe2+/H2O2 or Cu+/H2O2 lane.  Percentages are corrected for residual 
119 
 
nicking prior to calculation.  Results are the average of three trials, and standard 
deviations are indicated by error bars.  Calculation of p values at 95% confidence as 
described by Perkowski et al. was used to determine statistical significance.59  Sigma Plot 
(v.9.01, Sysat Software, Inc., San Jose, CA) was used to plot percent DNA damage 
inhibition as a function of log concentration of oxo-sulfur compound and fit to a variable-
slope sigmoidal dose response curve using the equation:  
  50(log IC )min [(max min) / (1 10 )]x Hf −= + − +
where f = percent DNA damage inhibition, min = minimum DNA damage inhibition, 
max = maximum DNA damage inhibition, x = log concentration of compound, and H = 
Hillslope. Results are the average of the fits of three trials, and errors are reported as 
standard deviations from error propagation calculations of the gel data. 
 
UV-vis measurements 
FeSO4•7H2O (300 μM) and the oxo-sulfur compound (600 μM) were combined in 
MES buffer (10 mM) at pH 6.  For experiments with Cu+, CuSO4•5H2O (58 μM), 
ascorbic acid (72.5 μM) and the oxo-sulfur compound (116 μM) were combined in 
MOPS buffer (10 mM). The indicated concentrations are final concentrations in a volume 
of 3 mL. 
 
Electrospray ionization mass spectroscopy (ESI-MS) measurements 
For 1:1 mole ratio of Cu+:selenium or sulfur compound, CuSO4 (100 μM) and 
ascorbic acid (125 μM) were combined in a 3:1 ratio of methanol : water, and allowed to 
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stand for 3 min at room temperature. The sulfur or selenium compound (100 μM) was 
added to the solution to obtain a final volume of 1 mL, and allowed to stand for 5 min at 
room temperature. Mass spectra were obtained using the QSTAR XL Hybrid MS/MS 
System (Applied Biosystems), with direct injection of the sample (flow rate = 0.05 
mL/min) into the Turbo Ionspray ionization source. Samples were run under positive 
mode, with ionspray voltage of 5500 V, and time of flight (TOF) scan mode. The 
QSTAR instrument was operated by Carolyn Quarles from Dr. R. Kenneth Marcus group 
at Clemson University. For a 1:2 mole ratio of Cu+:selenium or sulfur compound, a 
similar procedure was followed, using CuSO4 (50 μM) and ascorbic acid (62.5 μM). For 
a 1:3 ratio, CuSO4 (25 μM), ascorbic acid (33 μM), and selenium or sulfur compound (75 
μM) were used.  All reported m/z peak envelopes (Table 3.2) matched theoretical peak 
envelopes.   
 
Tabular data for gel electrophoresis experiments 
 Tabulated values for the percentages of closed, circular (undamaged) and nicked 
(damaged) DNA bands observed in the gel electrophoresis experiments for Cu+/H2O2 (pH 
= 7) are given in Tables 3.2-3.6. Tabulated values using [Cu(bipy)2]+ as the copper source 
instead of Cu+ at pH 7 are in Tables 3.7-3.9. Additionally, tabulated values of the 
compounds tested with Fe2+/H2O2 (pH = 6) are given in Tables 3.10-3.14 and those with 
[Fe(EDTA)]2- are given in Table 3.15-3.16. All reported tabulated values are the average 
of three experimental trials with the indicated calculated standard deviation. 
 
 
Table 3.2. Tabulation for electrophoresis results for MeCysSO with Cu2+ (6 μM), 
ascorbate (7.5 μM) and H2O2 (50 μM) at pH 7.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 27 ± 1.5 73 0  
6 0.1 30 ± 1.9 70 3.1 ± 1.4 0.06 
7 1 31 ± 1.4 69 4.5 ± 0.40 0.003 
8 3 40 ± 1.4 60 20 ± 1.2 0.001 
9 5 52 ± 1.1 48 37 ± 1.8 < 0.001 
10 7 31 ± 1.4 69 42 ± 3.4 0.002 
11 10 56 ± 3.5 30 60 ± 2.0 < 0.001 
12 50 89 ± 0.37 69 86 ± 0.73 < 0.001 
13 100 92 ± 0.37 8.0 90 ± 1.0 < 0.001 
14 1000 99 ± 0.97 1.0 99 ± 1.8 < 0.001 
15 1500 99 ± 1.5 1.0 99 ± 1.5 < 0.001 
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Table 3.3. Tabulation for electrophoresis results for MetSO with Cu2+ (6 μM), ascorbate 
(7.5 μM) and H2O2 (50 μM) at pH 7.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 27 ± 2.2 73 0  
6 0.1 29 ± 0.24 71 3.7 ± 2.9 0.16 
7 1 29 ± 0.96 71 2.7 ± 2.8 0.23 
8 5 37 ± 1.6 63 15 ± 4.7 0.03 
9 10 50 ± 2.3 50 34 ± 2.4 0.002 
10 30 77 ± 2.1 23 69 ± 3.5 < 0.001 
11 50 81 ± 2.5 19 75 ± 3.2 < 0.001 
12 100 86 ± 1.9 14 86 ± 2.0 < 0.001 
13 1000 95 ± 2.7 5.0 100 ± 2.8 < 0.001 
14 1500  99 ± 0.83 1.0 100 ± 1.1 < 0.001 
15 2000 99 ± 0.17 1.0 100 ± 0.5 < 0.001 
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Table 3.4. Tabulation for electrophoresis results for MMTS with Cu2+ (6 μM), ascorbate 
(7.5 μM) and H2O2 (50 μM) at pH 7.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 26 ± 2.2 74 0  
6 0.5 25 ± 1.8 75 -1.1 ± 1.1 0.23 
7 5 19 ± 0.59 81 -9.0 ± 2.7 0.03 
8 50 5.0 ± 3.3 95 -27 ± 6.1 0.02 
9 500 0 ± 0.16 100 -35 ± 4.4 0.005 
10 5000 0 ± 0.10 100 -35 ± 4.1 0.005 
 
 
Table 3.5. Tabulation for electrophoresis results for MePhSO with Cu2+ (6 μM), 
ascorbate (7.5 μM) and H2O2 (50 μM) at pH 7.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 21 ± 1.2 79 0  
6 0.5 23 ± 1.5 77 1.9 ± 2.3 0.29 
7 5 23 ± 1.7 77 2.1 ± 0.78 0.04 
8 50 22 ± 1.3 79 1.8 ± 0.11 0.001 
9 500 26 ± 3.4 74 5.7 ± 4.9 0.18 
10 5000 25 ± 0.90 75 4.4 ± 1.6 0.04 
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Table 3.6. Tabulation for electrophoresis results for Me2SO2 with Cu2+ (6 μM), ascorbate 
(7.5 μM) and H2O2 (50 μM) at pH 7.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 23 ± 1.6 77 0  
6 0.5 25 ± 2.4 75 3.2 ± 2.4 0.15 
7 5 26 ± 2.5 74 4.1 ± 2.8 0.13 
8 50 25 ± 2.4 75 3.9 ± 3.1 0.16 
9 500 26 ± 2.3 74 4.0 ± 2.3 0.09 
10 5000 25 ± 1.2 75 3.9 ± 1.0 0.02 
 
 
Table 3.7. Tabulation for electrophoresis results for MetSO with [Cu(bipy)2]2+ (50 μM), 
ascorbate (62.5 μM) and H2O2 (50 μM) at pH 7. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 23 ± 0.96 77 0  
6 0.1 25 ± 3.0 75 3.5 ± 4.2 0.28 
7 1 29 ± 3.1 71 9.1 ± 3.7 0.05 
8 10 37 ± 4.7 63 20 ± 7.2 0.04 
9 100 36 ± 5.6 64 18 ± 6.6 0.04 
10 1000 55 ± 2.0 45 43 ± 3.2 0.002 
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Table 3.8. Tabulation for electrophoresis results for MeCysSO with [Cu(bipy)2]2+ (50 
μM), ascorbate (62.5 μM) and H2O2 (50 μM) at pH 7. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 36 ± 2.5 64 0  
6 0.1 36 ± 5.1 64 0.62 ± 11 0.9 
7 1 38 ± 4.9 62 3.4 ± 10 0.62 
8 10 39 ± 1.8 61 5.0 ± 6.6 0.32 
9 100 65 ± 2.6 35 46 ± 4.8 0.004 
10 1000 92 ± 2.0 8.0 88 ± 3.3 <0.001 
 
 
Table 3.9. Tabulation for electrophoresis results for MMTS with [Cu(bipy)2]2+ (50 μM), 
ascorbate (62.5 μM) and H2O2 (50 μM) at pH 7. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 32 ± 2.9 68 0  
6 0.1 33 ± 1.5 67 -0.24 ± 3.4 0.91 
7 1 22 ± 3.6 77 -14 ± 4.8 0.04 
8 10 8.0 ± 1.4 92 -36 ± 4.2 0.005 
9 100 0.2 ± 1.9 99.8 -48 ± 6.4 0.006 
10 1000 3.0 ± 1.7 97 -44 ± 6.5 0.007 
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Table 3.10. Tabulation for electrophoresis results for MetSO with Fe2+ (2 μM) and H2O2 
(50 μM) at pH 6. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 11 ± 3.8 89 0  
6 0.1 14 ± 9.2 86 3.7 ± 6.6 0.43 
7 1 9.0 ± 0.73 91 -1.6 ± 4.7 0.61 
8 10 10 ± 2.4 90 -0.55 ± 1.6 0.62 
9 100 92 ± 0.70 8.0 -3.3 ± 4.2 0.31 
10 1000 91 ± 1.3 9.0 -1.5 ± 3.3 0.52 
 
Table 3.11. Tabulation for electrophoresis results for MeCysSO with Fe2+ (2 μM) and 
H2O2 (50 μM) at pH 6.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 11 ± 4.2 89 0  
6 0.1 11 ± 5.9 89 0.18 ± 4.9 0.96 
7 1 91 ± 5.3 9.0 -2.3 ± 5.5 0.53 
8 10 12 ± 6.1 88 1.3 ± 7.6 0.80 
9 100 13 ± 4.4 87 2.2 ± 1.5 0.13 
10 1000 25 ± 1.1 75 17 ± 3.0 0.01 
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Table 3.12. Tabulation for electrophoresis results for MMTS with Fe2+ (2 μM) and H2O2 
(50 μM) at pH 6.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 12 ± 2.8 88 0  
6 0.5 15 ± 2.4 85 3.0 ± 2.9 0.009 
7 5 17 ± 1.6 83 5.5 ± 4.8 0.19 
8 50 21 ± 0.74 79 9.5 ± 2.5 0.02 
9 500 22 ± 1.7 78 12 ± 1.4 0.005 
10 5000 30 ± 0.72 70 20 ± 3.5 0.01 
 
 
Table 3.13. Tabulation for electrophoresis results for MePhSO with Fe2+ (2 μM) and 
H2O2 (50 μM) at pH 6. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 16 ± 1.3 84 0  
6 0.5 20 ± 2.7 80 4.4 ± 2.4 0.09 
7 5 21 ± 1.9 79 5.9 ± 1.0 0.01 
8 50 21 ± 2.4 79 5.4 ± 1.8 0.03 
9 500 20 ± 1.8 80 4.5 ± 1.8 0.05 
10 5000 21 ± 1.6 79 6.0 ± 1.0 0.01 
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Table 3.14. Tabulation for electrophoresis results for Me2SO2 with Fe2+ (2 μM) and H2O2 
(50 μM) at pH 6.  
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 14 ± 2.9 86 0  
6 0.5 16  ± 1.7 84 3.2 ± 2.8 0.19 
7 5 21 ± 5.7 79 8.6 ± 7.1 0.17 
8 50 17 ± 1.7 83 4.2 ± 2.0 0.07 
9 500 18 ± 0.62 82 4.6 ± 2.8 0.10 
10 5000 18 ± 1.4 82 5.5 ± 3.6 0.12 
 
 
Table 3.15. Tabulation for electrophoresis results for MetSO with [Fe(EDTA)]2 (400 
μM) and H2O2 (50 μM) at pH 7. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 49 ± 0.10 51 0  
6 0.1 49 ± 0.20 51 1.2 ± 0.23 0.29 
7 1 49 ± 0.19 51 1.8 ± 0.46 0.04 
8 10 49 ± 0.98 51 1.7 ± 1.9 0.001 
9 100 51 ± 1.4 49 4.6 ± 3.0 0.18 
10 1000 51 ± 0.30 49 5.5 ± 0.65 0.04 
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Table 3.16. Tabulation for electrophoresis results for MMTS with [Fe(EDTA)]2 (400 
μM) and H2O2 (50 μM) at pH 7. 
 
Lane Concentration 
(μM) 
% Circular 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 21 ± 1.2 79 0  
6 0.5 23 ± 1.5 77 1.9 ± 2.3 0.29 
7 5 23 ± 1.7 77 2.1 ± 0.78 0.04 
8 50 22 ± 1.3 79 1.8 ± 0.11 0.001 
9 500 26 ± 3.4 74 5.7 ± 4.9 0.18 
10 5000 25 ± 0.90 75 4.4 ± 1.6 0.04 
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CHAPTER FOUR 
INVESTIGATING THE ABILITY OF π-CONJUGATED POLYMER 
NANOPARTICLES TO PROMOTE OXIDATIVE DNA DAMAGE 
 
Introduction 
Photodynamic therapy (PDT) is fast becoming a new approach for the treatment 
of cancerous cells and tumors.1,2 The mechanistic action of photodynamic therapy 
requires three components: light, oxygen, and a photosensitizing agent that localizes in or 
near diseased cells or tissues.1-4 Upon activation by light (photons) at specific 
wavelengths, the photosensitizer is excited from the singlet ground state (S0) to a triplet 
state (T1) via an intermediate excited singlet state (S1).1-3,5,6 The excited singlet state is 
short-lived, with a lifetime in the nanosecond range, and decays either through radiative 
or non-radiative processes to the ground or triplet states, which have much longer 
lifetimes, ranging from micro- to milliseconds.1,2,5,6 
 From the excited triplet state, the photosensitizer can undergo two processes 
(Type I and Type II), which generate reactive oxygen species (ROS) in the presence of 
molecular oxygen (O2). In the Type I process, the photosensitizer in its triplet state 
transfers an electron to, or abstracts a hydrogen atom from, biomolecules such as lipids in 
cell membranes to form radical cations or anions. These radical species then react with 
molecular oxygen to generate ROS such as the superoxide anion radical (O2-•).1-3,5-7 The 
second process (Type II) involves the direct transfer of energy from the triplet state to 
oxygen to form singlet oxygen (1O2).1-3,5,6,8-10 While both of these processes occur 
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simultaneously, Type II generation of singlet oxygen typically predominates over Type I 
production of radicals since the rate constant for generation of singlet oxygen (k ~ 1-3 × 
109 dm-1 mol-1 s-1) is usually higher than that for generation of O2-• (k ≤ 1 × 107 dm-1 
mol-1 s-1).7 
Singlet oxygen is a highly reactive species that directly oxidatively damages 
biological targets, thus making it ideal for photodynamic therapy.2,9,11-13 1O2 reacts with 
electron-rich molecules and cellular components such as DNA, in particular guanine 
bases, resulting in oxidized bases, strand breaks, mutagenesis, and cell death.10,11,13-18 In 
vivo, cells are protected from such mutations by repair systems that use endonucleases 
such as the formamidopyrimidine-DNA glycosylase (Fpg) enzyme, which cleaves 
oxidized purine bases for removal or replacement.19,20 Other biological targets for singlet 
oxygen include RNA, lipids, sterols, and proteins.6,7,21,22 In biological systems, 1O2 has a 
short half-life (< 0.04 μs) with a small radius of action (< 0.02 μm), therefore only target 
cells in close proximity to the photosensitizer are affected by photodynamic therapy.1,2,23  
Many factors influence the efficiency and effectiveness of PDT, including oxygen 
availability; the type, chemistry, light absorption, and bioavailability properties of the 
photosensitizer; the location and dosage of the photosensitizer in diseased cells; and the 
light dosage and timing of light activation after administration of the sensitizer.1,2,24 
Several types of photosensitizer molecules have been examined, including organic dyes, 
porphyrins and their derivatives, and various organometallic species.2,3,25,26 Although 
there are several highly selective sensitizers,2,27-29 the FDA has approved the use of 
Photofrin®, a haematoporphyrin derivative, and Verteporfin, a derivative of 
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benzoporphyrin, to be used in PDT.1,3 While effective in clinical applications, several 
problems are associated with existing photosensitizers.3 These include the hydrophobicity 
of most sensitizer molecules that causes aggregation in aqueous media and make 
intravenous administration difficult, as well as a lack of selective accumulation in 
diseased tissue.2,3 Although a few selective-targeting sensitizers have been reported, their 
low selectivity hinders their testing in clinical trials.3 This lack of effective sensitizers for 
PDT is of great concern for the advancement of photodynamic therapy. Therefore, 
significant research efforts have focused on the development of photosensitizer carriers to 
obtain effective sensitizers that generate more ROS upon irradiation with enhanced 
localization on or near cancer cells.1,3,30-37  
Nanotechnology is currently being implemented in the development of such 
photosensitizer carriers.3,38,39 Nanoparticles are colloidal particles of various sizes in the 
nanometer (nm) range and have been used for many applications in catalysis,40 
optics,41electronics,42 clinical diagnostic assays, drug delivery systems, histology studies, 
and separation techniques.3,43-45 Recently, a new class of π-conjugated polymer 
nanoparticles (CP dots) was synthesized by the McNeill group at Clemson University 
using the conjugated polymer poly(9,9-dihexyl)flourene (PDHF); the efficiency of these 
CP dots to produce singlet oxygen when doped with the photosensitizer tetraphenyl 
porphyrin (TPP) was measured.37,46,47 CP dot nanoparticles vary in size from 5-50 nm, 
and the McNeill lab has synthesized TPP-doped CP dots with a diameter of 5 ± 1 nm that 
are comparable to other spherical, nanoparticle-based photosensitizers.37 These TPP-
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doped CP dot nanoparticles are considered to be efficient photosensitizers because of the 
high yields of singlet oxygen produced upon photoexcitation.  
Using spectrophometric analysis to measure the depletion of p-
nitrosodimethylaniline (RNO) after irradiation, the singlet oxygen quantum yield for CP 
dots doped with TPP was determined to be between 0.6 and 0.8, which is high compared 
to the yield produced from undoped PDHF (0.2-0.3).37 The high absorptivity of doped CP 
dots (107-109 M-1cm-1), coupled with the high quantum yield of singlet oxygen generated 
upon irradiation, make these TPP-doped nanoparticles promising photosensitizers for 
photodynamic therapy cancer treatment.37 Since the potential use of these doped CP dots 
to treat cancer is of great interest, it is necessary to determine the effects of TPP-doped 
CP dot-generated singlet oxygen on cellular components such as DNA.  
Gel electrophoresis assays have been previously employed by the Brumaghim 
group to determine the antioxidant activity of several selenium, sulfur, and polyphenol 
compounds by prevention of metal-mediated oxidative DNA damage.48-51 In these 
studies, DNA damage results from the generation of hydroxyl radical (•OH) upon 
addition of either copper(I) or iron(II) and hydrogen peroxide (H2O2).48-51 In 
collaboration with the McNeill group, similar gel electrophoresis assays were employed 
to quantify the amount of DNA backbone and base damage produced by singlet oxygen 
generated from doped CP dot nanoparticles upon irradiation.  
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Toxicity of nanoparticles 
Apart from PDT, nanomaterials are widely used in the pharmaceutical, 
biomedical, electrical, cosmetic, and environmental fields.52 Metals or metal oxides of 
iron, titanium, and silicon are used as nanomaterials in imaging techniques, sunscreens, 
and cosmetics.52,53 To increase solubility, the surfaces of nanoparticles are often 
functionalized. Nanoparticles functionalized with polyethylene glycol (PEG) and 
polysorbates to facilitate solubility in drug delivery systems are also known to generate 
ROS, which can damage cellular components in biological systems.54-56 In addition, PEG 
used to functionalize nanoparticles undergo light- or metal-induced decomposition via 
auto-oxidation to produce peroxides.54,55 
Production of peroxides from PEG, coupled with metals found in biological 
systems, may result in potential cellular damage from •OH generated in Fenton and 
Fenton-like reactions.57-60 As a result, it is important to understand the toxic effects of 
such functionalized nanomaterials before they can be used for biomedical applications. It 
has been reported that PEG stored at different temperatures (25-40 °C) in the dark or 
exposed to light generates different levels of peroxide (1.5-9.0 μM).54 In collaboration 
with the McNeill group, the Brumaghim group has examined the production of H2O2 by 
PEG and PEG-trimethoxysilane (PEG-TMS) under similar conditions. For these 
experiments, the ferrous oxidation-xylenol orange (FOX) assay was used to determine 
hydrogen peroxide concentrations.  
Functionalized nanoparticles may also localize metal ions in addition to 
generating ROS species with or without photoexcitation.32-34,61 Metal ions such as iron(II) 
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and copper(I) are present in cells, and react with H2O2 to produce oxidative DNA damage 
via •OH generation leading to several health conditions such as cancer, aging, and 
cardiovascular and neurodegenerative diseases.57,60,62-65 Functionalized nanoparticles may 
have surface charges that may cause association with cellular metals such as iron and 
copper.57-60 It is therefore important to determine the amount of metal that is associated 
with these nanoparticles and functional groups to understand potential nanoparticle 
toxicity in vivo. Working with the McNeill group, induced coupled plasma mass 
spectroscopy (ICP-MS) was utilized in experiments to determine iron association to both 
PEG and PEG-TMS. The results of these experiments are preliminary, and additional 
studies will be required to fully understand the chemical behavior of functionalized 
nanoparticles for use in biomedical applications.  
 
Results and Discussion 
Photodynamic therapy and the use of nanomaterials as carriers for photosensitizer 
molecules is a new approach for the disease treatment. McNeill and coworkers at 
Clemson University have recently synthesized π-conjugated polymer nanoparticles (CP 
dots) with large one and two photon cross-sections.37,46,47,66 These TPP-doped CP dot 
nanoparticles generate high yields of singlet oxygen upon UV irradiation (0.6-0.8), which 
may have great potential in the treatment of cancer by PDT.37 Since singlet oxygen 
damages both the backbone and bases of DNA, damage that is critical for PDT treatment 
and cell death, gel electrophoresis experiments were conducted to quantify the amount of 
DNA damage produced upon irradiation of the doped CP dots. 
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DNA backbone and base damage experiments with doped CP dot nanoparticles  
TPP-doped CP dot nanoparticles were combined with plasmid DNA and 
irradiated for 0, 50, 100, and 200 min using a fluorescence spectrometer at 377 nm. Gel 
electrophoresis was used to quantify DNA backbone damage using previously reported 
methods.52-55 To determine DNA base damage, the Fpg enzyme was used to digest the 
DNA after irradiation, prior to running the gel assay.  The Fpg enzyme nicks the DNA 
backbone both 3′ and 5′ to damaged bases such as 8-oxoguanine, 8-oxoadenine, 5-
hydroxy-cytosine, and 5-hydroxy-uracil.70,71 This enzyme was chosen since oxidative 
damage by 1O2 primarily causes oxidation of guanine and adenine to form 8-oxoguanine 
and 8-oxoadenine.67,68  
Figure 4.1 shows the gel images from these DNA damage experiments. The band 
intensities in lanes 2-8 (Figure 4.1A) are undigested plasmid samples and indicate that 
DNA backbone damage increases as irradiation time of the TPP-doped CP dot 
nanoparticles increases. Lanes 2 and 3 (Figure 4.1A) are control lanes indicating that the 
plasmid (lane 2) is of high quality and that H2O2 alone (lane 3) does not damage DNA. 
Lane 4 shows the DNA damage produced when Fe2+ reacts with H2O2 to generate •OH. 
Lanes 5-8 show the extent of DNA damage upon irradiation of the TPP-doped CP dots 
for 0, 50, 100, and 200 min, respectively, as seen by the increase in band intensity from 
undamaged to damaged DNA upon increasing irradiation time. Preliminary results for 
base damage experiments are seen in Figure 4.1B. Lane 2 is a control lane with DNA 
digested by the Fpg enzyme, showing that the enzyme has no effect on undamaged DNA. 
141 
 
Lanes 3-6 show that base damage increases with increasing irradiation times of 0, 50, 
100, and 200 min, respectively, of TPP-doped CP dots (Figure 4.1B). 
 
 
 
 
 
 
8654321 7
undamaged DNA
damaged DNA
A
654321
undamaged DNA
damaged DNA
B
 
 
 
Figure 4.1. Agarose gel image showing DNA backbone and base damage after 
irradiation of TPP-doped CP dot nanoparticles over time. (A) For DNA backbone 
damage, lanes: 1) 1 kb DNA ladder; 2) plasmid DNA (p); 3) p + H2O2 (50 µM); 4) p + 
Fe2+ (2 μM); 5-8) p + TPP-doped CP dot nanoparticles irradiated for 0, 50, 100, and 200 
min, respectively. (B) For DNA base damage, lanes: 1) 1 kb DNA ladder; (2) p + Fpg 
enzyme; 3-6) lane 2 + TPP-doped CP dot nanoparticles irradiated for 0, 50, 100, and 200 
min, respectively, prior to Fpg digestion. 
 
Quantification of the normalized band intensities from the gel images are shown 
as a bar graph in Figure 4.2. Figure 4.2A shows that non-irradiated TPP-doped CP dots 
(lane 5) do not damage plasmid DNA. This is expected since photoexcitation of the 
nanoparticles is required to generate the DNA-damaging singlet oxygen. Similarly, 
irradiation for 50 min did not produce measurable DNA damage (Figure 4.2A, lane 6). 
However, 100 min irradiation produced 50% DNA damage, with 70% DNA damage 
occurring after 200 min (lanes 7 and 8, respectively).  
Similar results were obtained for the DNA base damage experiments (Figure 
4.2B), where non-irradiated TPP-doped CP dots produced negligible DNA damage (lane 
3). Irradiation of TPP-doped CP dots for 50 min (Figure 4.2B, lane 4) also produced a 
negligible amount of base damage indicating little production of singlet oxygen. As the 
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irradiation time increased to 100 and 200 min, base damage also increased to ~ 55% (lane 
12) and ~75% (lane 13), respectively. 
 
 
 
 
 
 
Figure 4.2. Bar graph showing the effect of TPP-doped CP dot nanoparticles on DNA 
backbone and base damage upon irradiation at different time intervals. (A) Lanes for 
DNA backbone damage: 2) plasmid DNA (p); 3) p + H2O2 (50 µM); 4) p + Fe2+ (2 μM) + 
H2O2; and 5-8) p + TPP-doped CP dot nanoparticles irradiated for 0, 50, 100, and 200 
min, respectively. (B) Lanes for DNA base damage: 2) p + Fpg enzyme; and 3-6) lane 2 
+ TPP-doped CP dot nanoparticles irradiated for 0, 50, 100, and 200 min, respectively, 
prior to Fpg digestion. 
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As expected, singlet oxygen generated by TPP-doped CP dots produces both 
backbone and base DNA damage after 50 min of light exposure. In addition, DNA 
backbone and base damage increases with increased irradiation time, suggesting that 
more singlet oxygen is continually generated during irradiation. Although these data are 
preliminary, they suggest the TPP-doped CP dot nanoparticles developed by the McNeill 
lab may be effective and efficient photosensitizers for PDT. To properly validate the use 
of the TPP-doped CP dot nanoparticles for PDT, experiments using Fpg digestion should 
be performed in triplicate to accurately quantify base damage produced from irradiation 
of these particles. In addition, the Nth (endonuclease III) and 8-oxoG-DNA glycosylase 
(OGG) enzymes can be used to further determine types of DNA base damage. The Nth 
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enzyme cleaves damaged pyrimidine bases such as thymine glycol, uracil glycol, and 6-
hydroxy-5,6-dihydrothimine.69,70 The OGG enzyme is specific for 8-oxoguanine.71 From 
these base damage experiments, DNA damage at specific bases could be quantified and 
compared, which would allow for further understanding of DNA damage mechanisms by 
irradiated TPP-doped CP dot nanoparticles.  
 
Determining hydrogen peroxide formation from PEG and PEG-TMS 
Polyethylene glycols (PEGs) are water soluble synthetic polymers with many 
applications in the pharmaceutical and biotechnological industries.54 They are used as 
lubricants, stabilizers, cosolvents and as chemical agents for the PEGylation of proteins.54 
Despite many benefits, PEG and its derivatives can produce low levels of peroxides 
under various conditions.54,55 Since PEG-functionalized nanomaterials have potential use 
in biological systems to increase nanoparticle solubility, nanotoxicity becomes a great 
concern since peroxides can react with metal ions found in cells to generate damaging 
•OH.58-60,68   
Since nanoparticles are often functionalized with PEG, and PEG-TMS is used to 
facilitate such functionalization, determination of peroxide formation from both PEG and 
PEG-TMS groups was undertaken. To determine peroxide formation from solutions of 
PEG (MW 950-1050) and PEG-TMS (MW= 460-590), the FOX assay was used. The 
FOX method is an analytical technique widely used to measure peroxides based on the 
peroxide oxidation of iron(II) to iron(III) ions, with subsequent binding of iron(III) to the 
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xylenol-orange dye.67,72,73 This results in a color change from orange to blue/purple, 
which can be measured via UV-vis spectroscopy.67,72,73  
 To generate the calibration curve, various concentrations of H2O2 (0.01-100 μM) 
were added to the FOX reagent, and upon appearance of the blue/purple color, the 
absorbance at each peroxide concentration was taken from 540-650 nm to obtain the 
wavelength at which the highest absorbance was achieved (λmax). The H2O2 calibration 
curve (Figure 4.3) was fit with a best fit line as indicated (R2 = 0.982).  
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Figure 4.3. Calibration curve of absorbance at 593 nm (A593) vs. hydrogen peroxide 
concentration as measured by the FOX assay.  
 
 
The FOX assay was then used to measure H2O2 concentrations formed from both 
PEG and PEG-TMS solutions incubated at 37 °C under light and dark conditions over a 
one-week period. Aliquots were taken every 24 h, treated with the FOX reagent, and 
measured via UV-vis. The H2O2 concentration was then obtained by measuring the 
absorbance at 593 nm and calculating the concentration using the calibration curve. 
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Similar experiments were also performed at 80 °C since peroxide levels are reported to 
increase as temperature increases.54  
Figure 4.4 shows a graph of the concentration of peroxide formed by each sample 
over several days. At 80 °C, PEG exposed to light and PEG-TMS in the dark produced 
only trace amounts (< 0.1 μM) over the course of the week. PEG incubated at 80 °C in 
the dark produced the highest concentration of H2O2 (~31 μM) after 6 days. For all other 
samples besides PEG-TMS exposed to light at 80 °C, the highest concentration of H2O2 
produced was 2-4 μM.  
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Figure 4.4. Graph showing the amount of peroxide formed from PEG and PEG-TMS 
under light and dark conditions at 37 °C and 80 °C. 
 
In this investigation, PEG-TMS incubated at 80 °C with exposure to light became 
viscous with a pungent odor after 4 days, but showed no formation of peroxide after this 
time (Figure 4.4). Upon addition of the FOX reagent, PEG-TMS in the dark at 80 °C 
turned a magenta color instead of the blue/purple color observed for all other samples 
with absorbance measured at λmax = 560 nm. Peroxide concentration for this sample 
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calculated from the calibration curve generated at 560 nm was found to be ~0.4 μM after 
4 days. 
The preliminary results from these experiments contradict similar studies 
performed with PEG 1450 and PEG 20000. Kuman and Kalonia reported that both PEG 
1450 and PEG 20000 produced high levels of peroxide at 40 °C after 6 days when stored 
in ambient light (1.5 and 4.8 μΜ, respectively).54 Samples stored in the dark for 20 days 
at room temperature (25 °C) showed elevated peroxide levels in both PEG 1450 and PEG 
20000 (2.7 and 9.0 μM, respectively).54 The lower levels of peroxides formed in our 
experiments may be due the low molecular weight PEG used (950-1050) significantly 
shorter than the PEGs of higher molecular weights (1450 or 20000) used by Kuman and 
Kalonia. In addition, differences in the experimental design such as lighting and storage 
conditions may also contribute to the differences observed in peroxide formation. 
A study using PEG 400 to enhance the solubility of drug formulations reported 
that this PEG provided a highly oxidizing environment resulting in radical chain 
degradation and two-electron nucleophilic reactions.74 These processes may explain the 
viscous appearance of the PEG-TMS exposed to light at 80°C and the magenta color of 
this sample in the FOX assay. In addition, water may play a role in the formation of 
peroxides by PEG, as reports indicate that peroxide formation is related to the fraction of 
water in solution, and therefore the amount of dissolved oxygen.54,75,76 
Preliminary experiments using PEG and PEG-TMS indicate that under most 
conditions peroxide (~2-4 μM) is formed under conditions of light, dark, and elevated 
temperature, with the exception of PEG stored in the dark at 80°C. Peroxide 
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concentrations of 2-4 μM are much higher than the steady-state H2O2 concentration 
calculated for unstressed E. coli cells (~20 nM). In addition, in vivo studies have shown 
that peroxide concentrations of 1-3 μM result in cell death due to oxidative DNA 
damage,58,59 indicating that peroxide generation by functionalized nanoparticles, even at 
low concentrations, may be toxic to cells. 
 
Iron association with silica and PEG-functionalized silica beads 
 PEG-functionalized nanoparticles may facilitate localization of metal ions on 
their surface since they contain oxygen donor groups that can bind metals. Iron 
localization on or near PEG is possible due to interactions between the positively charged 
iron and the electron-rich ether oxygen atoms of PEG. The generation of peroxides either 
in vivo or from the PEG functional groups can react with redox-active metals such as iron 
to produce the DNA damaging hydroxyl radical.57,60,68 The ability of metal ions such as 
iron to associate with functionalized nanoparticles is therefore of considerable relevance 
to potential nanoparticle toxicity. Studies of PEG-functionalized and non-functionalized 
silica microspheres (beads) were performed to determine whether iron can associate to 
PEG-functionalized nanoparticles.  
In collaboration with the McNeill group at Clemson University, silica 
microspheres (0.3 μm) and PEG-functionalized silica microspheres were prepared for 
analysis by agitation with HCl (1M), centrifugation, and washing with deionized water to 
ensure the bead surface was metal-free. To determine whether iron associated with the 
functionalized or non-functionalized silica beads, a calibration curve using various 
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concentrations of [Fe(EDTA)]2- (0-500 μM) was generated via ICP-MS measurements of 
iron intensities (Figure 4.5). The calibration curve obtained was found to be linear within 
the concentration range of 0-500 μM (R2 = 0.99).  
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Figure 4.5. Calibration curve for iron intensity vs. [(Fe(EDTA)]2- concentrations (μM) as 
measured by ICP-MS.  
 
 
To determine iron association, both PEGylated and non-functionalized silica 
beads were treated with the indicated volumes of iron (50 μM) and centrifuged. The 
isolated beads were then washed with EDTA to bind and remove any iron associated with 
the beads, centrifuged, and the EDTA supernatant was collected for analysis. The iron 
intensity of each EDTA wash was then measured using ICP-MS, and the concentration of 
iron was determined from the calibration curve. 
Figure 4.6 is a graph of bead-associated iron with and without PEG-
functionalization. For the non-functionalized silica beads, the concentration of associated 
iron was the same (~1.17 ± 0.03 μM) regardless of the amount of iron used (50, 100, and 
200 μL of 50 μM solution).  However, iron has a greater association with PEG-
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functionalized microspheres, with iron concentrations increasing to ~2.2 ± 0.2 μM (p = 
0.003), 2.7 ± 0.2 μM (p = 0.002) and 5.0 ±1.0 μM  (p = 0.005)at 50, 100, and 200 μL, 
respectively. 
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Figure 4.6. Graph showing the concentration of iron associated with PEGylated silica 
and unfunctionalized silica microspheres. All differences between beads and PEG-TMS 
are statistically significant (p ≤ 0.005). Error bars for PEG-TMS are smaller than the data 
points. 
 
 
In biological systems, iron is known to generate reactive oxygen species that can 
damage DNA and result in cell death.58,59 Therefore, the interaction of iron ions with 
PEG-functionalized nanoparticles may be an important factor to consider as a source of 
nanotoxicity.  In these iron association experiments, PEG-functionalized beads associated 
more iron (~2-4 μM) than with the non-functionalized beads. This amount of localized 
iron is a significant fraction of non-protein-bound cellular iron concentrations (~10-30 
μM).77 Gel electrophoresis experiments with plasmid DNA show that iron at similar 
concentrations (2 μM) significantly damages DNA in the presence of H2O2.48-51  
Combined with the observed peroxide generation, iron association to PEG-functionalized 
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nanoparticles may lead to formation of the damaging hydroxyl radical and significant 
cellular damage in vivo. 
These preliminary experiments highlight the importance of understanding 
nanotoxicity if nanomaterials are to be used for biomedical applications. To fully 
comprehend the effects of such toxicity on biological systems, further studies to evaluate 
the formation of peroxides from functional groups used in nanotechnology or 
nanomaterials are necessary. In addition, it is also important to determine the association 
of other cellular metal ions such as iron and copper to functionalized nanoparticles since 
the combination of peroxide formation and metal association in cells may lead to 
oxidative DNA damage, cell death, and adverse health effects.  
 
Conclusions  
TPP-doped CP dot nanoparticles have a great potential for use as photosensitizers 
due to their high molar absorptivity (107-109 M-1 cm-1) and production of high yields of 
singlet oxygen upon irradiation.37 Studies also show that the generated reactive oxygen 
species produce both DNA backbone and base damage by irradiation in a time-dependent 
manner, suggesting that TPP-doped CP dot nanoparticles may be effective 
photosensitizers to be used in PDT. With the widespread use of nanomaterials for 
medical purposes, the toxicity of these materials becomes a significant concern. 
Preliminary results indicate that functionalization of nanoparticles with PEG may be 
toxic to cells due PEG’s ability to form peroxides and associate iron. Iron can react with 
peroxide to generate •OH that damages cellular components such as DNA, lipids, and 
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proteins and may cause significant nanotoxicity. Further studies are therefore warranted 
to further understand the effects of metal localization and peroxide formation on PEG-
functionalized nanoparticles in biological systems. 
 
Materials and Methods 
 
Materials 
NaCl (99.999% to avoid trace metal contamination), glacial acetic acid, NaOH, 
30% H2O2 solution, FeSO4•7H2O, and bromophenol blue were purchased from Alpha 
Aesar. Glucose, agarose, and ampicillin were from EMD Chemicals. TRIS hydrochloride 
and sodium EDTA were from J.T. Baker. HCl was from VWR Scientific; ethidium 
bromide was from Lancaster Synthesis, Inc. Xylene cyanol, peptone, and yeast extract 
was from EM Science. Butylated hydroxytoluene, xylenol orange, HCl (≥ 99%), 
ammonium hydroxide, H2O2 (30%), NaCl (99.999%), methanol (≥ 99%), polyethylene 
glycol (PEG, MW 950-1050) were purchased from Sigma-Aldrich. H2SO4 was from 
Fisher Scientific. Silica microspheres (0.3 μm) were from Polysciences, Inc. and 2-
[methoxy(polyethyleneoxy)propyl] trimethoxy silane (PEG-TMS, 460-590) from Gelest, 
Inc. Concentrated plasmid DNA in TE buffer (4 mg/mL) was purchased from Aldevron, 
Fpg enzyme, BSA buffer (10×) and NEB buffer were from New England BioLabs, Inc. 
Water was purified using the NANOpure DIamond water deionization system (Barnstead 
International, Dubuque, IA). Iron-free microcentrifuge tubes, bottles and glass vials were 
prepared by washing the tubes in 1 M HCl prior to use and rinsing thoroughly with 
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ddH2O. MES buffer was treated with Chelex resin for 24 h and then filtered into an iron-
free bottle. π-Conjugated polymer nanoparticles (CP dots) for gel experiments were 
obtained from the McNeill group at Clemson University.   
 
Purification of plasmid DNA  
Concentrated plasmid DNA (300 μL of 4 mg/mL) purchased from Aldevron was 
dialyzed against 130 mM NaCl for 24 h at 4 oC. The resulting DNA concentration was 
found using UV-vis measurements at A260 (1 A260 = 50 ng/μL). Purity of plasmid DNA 
was determined via gel electrophoresis of a digested sample, and all absorbance ratios 
were within acceptable limits (A250/260 < 0.95, and A260/280 > 1.8).  
 
DNA backbone and base damage gel electrophoresis experiments with TPP-doped CP 
dot nanoparticles 
 For control lanes, 0.1 pmol plasmid DNA, 130 mM NaCl (99.999% to avoid 
metal contamination) and 2 μM FeSO4•7H2O maintained at pH 6 with MES buffer (10 
mM) were combined and allowed to stand for 5 min at room temperature. H2O2 (50 μM) 
was then added and incubated for 30 min. EDTA solution (50 μM) was added after this 
time for a total volume of 10 μL. For experimental lanes, plasmid DNA (0.1 pmol) was 
added to TPP-doped CP dot nanoparticles to a final volume of 300 μL. A fluorescence 
spectrometer (Quantamaster, PTI, Inc.) was used to irradiate the nanoparticles at a 
wavelength of 377 nm. Aliquots (10 μL) were taken at various time intervals after 
irradiation (0, 50, 100, and 200 min) to determine DNA damage by the TPP-doped CP 
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dot nanoparticles. DNA was separated on 1% agarose gels via electrophoresis, stained 
with ethidium bromide for 30 min, and imaged on an UVIproDBT-8000 gel imager 
(UVITec, Cambridge, UK). Quantification of undamaged and damaged DNA was 
performed using the UviPro software. A similar procedure was performed to quantify the 
amount of DNA base damage by adding the Fpg enzyme to aliquots (10 μL) of doped CP 
dots after irradiation for 50, 100, and 200 min. The Fpg enzyme cleaves the DNA 
backbone at damaged bases such as 8-oxoguanine, 5-hydroxy-cytosine 8-oxoadenine, and 
5-hydroxy-uracil.70,78 For these experiments, 0.5 μL of a 10× BSA buffer (2 μL)/NEB 
buffer 1 (8 μL) solution, Fpg enzyme (0.5 μL) and plasmid DNA irradiation for the 
indicated time periods were incubated for 1 h at 37 °C. After this time, gel 
electrophoresis was performed.  
 
H2O2 calibration curves using the FOX assay 
 FOX reagent was prepared by dissolving xylenol orange (7.60 mg), FeSO4•7H2O 
(6.95 mg), butylated hydroxytoluene (92.14 mg) and 25 mM H2SO4 in a methanol : water 
(9:1 v/v) solution. The reagent was kept refrigerated until used. H2O2 solutions (0-100 
μM) were prepared in ddH2O using MES buffer (90 mM) to maintain pH 6. For the 
calibration curve, an aliquot of 100 μL of H2O2 solution was mixed with 500 μL of the 
FOX reagent and allowed to stand at room temperature for 30 min. After this time the 
absorbance of each sample was measured from 540-600 nm using a Shimadzu UV-3101 
PC spectrophotometer. The calibration curves for A593 vs. [H2O2] (μM) and A560 vs. 
[H2O2] (μM) were fit with a best-fit line. Determination of a calibration curve at 560 nm 
154 
 
was necessary to calculate the H2O2 concentration of PEG-TMS exposed to light at 80°C, 
since this sample turned magenta (λmax = 560 nm) instead of the blue/purple color 
observed for the other samples (λmax = 593 nm).  Averages and standard deviations were 
determined from triplicate trials with the exception of the DNA base damage 
experiments. 
 
H2O2 formation from PEG and PEG-TMS 
PEG (250 mg) and PEG-TMS (250 mg) were dissolved in ddH2O and maintained 
at pH 6 using MES buffer (90 mM) to a final volume of 4 mL in iron-free glass vials. 
Samples of each compound were tested for formation of H2O2 at various temperatures in 
both the absence and presence of light.  Temperatures of 37 °C and 80 °C were 
maintained using water baths covered with plastic wrap to ensure light permeability. For 
experiments conducted in the dark, vials for each sample were covered with foil to ensure 
the absence of light. Aliquots (100 μL) of each sample were taken every 24 h for 8 days 
and mixed with FOX reagent (500 μL) in 1.5 mL acid-washed microcentrifuge tubes. 
Upon standing at room temperature for 30 min, the absorbance of each sample was 
measured from 540-600 nm using a Shimadzu UV-3101 PC spectrophotometer.67,72,73 
The H2O2 concentration for samples that turned blue/purple upon addition of the FOX 
reagent was calculated from the H2O2 calibration curve at 593 nm. The H2O2 
concentration for PEG-TMS exposed to light at 80 °C was calculated from the calibration 
curve at 560 nm since it turned magenta upon addition of the FOX reagent. 
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 Iron calibration curve from ICP-MS measurements  
[Fe(EDTA)]2- solutions (10 mL, 50 μM-500 μM) were prepared and maintained 
at pH 6 using MES buffer (90 mM). Iron intensity of each sample was measured using 
inductively coupled plasma optical emission spectroscopy (ICP-OES, JY Horiba Ultima 
2, Longjumeau, France) and a calibration curve was then obtained by fitting a best fin 
line through the experimental data.  
 
Preparation of silica and PEGylated silica beads 
The surface of 0.30 μm silica microspheres (beads) was prepared by addition of 1 
M HCl with agitation, centrifugation at 13,500 rpm, washing with deionized water. The 
PEG-silane encapsulation of silica microspheres was performed as follows: 1 mL of a 
10% aqueous dispersion of silica microspheres was added to a 4:1 mixture of methanol 
and ammonium hydroxide (28 wt % ammonia). After mixing for 5 min, PEG-TMS (200 
μL) was added to yield a total volume of 11.2 mL and stirred overnight at room 
temperature. The resulting suspension was then centrifuged and washed with deionized 
water. Both silica and PEGylated beads were prepared and obtained from the McNeill 
group. 
 
Iron association with silica and PEGylated beads  
Various volumes (0, 50, 100, and 200 μL) of FeSO4•7H2O (50 μM) maintained at 
pH 6 with MES buffer (90 mM) was added to silica beads (50 μL), vortex mixed for 2 
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min, and centrifuged for 5 min at 13,000 rpm. The supernatant was discarded and the 
procedure was repeated. EDTA solution (500 μL of 400 μM) maintained at pH 6 with 
MES buffer (90 mM) was then added to the beads and centrifuged as above. The 
supernatant was saved and the procedure repeated to obtain a total wash volume of 1 mL.  
Iron content of this solution was then measured using ICP-MS, and the iron concentration 
was determined from the iron calibration curve. A similar procedure was performed to 
determine the concentration of iron associated with silica beads using PEG-functionalized 
beads instead of the silica beads. 
 
Tabular data for gel electrophoresis experiments 
 Tabulated values for the percentages of closed, circular (undamaged) and nicked 
DNA (damaged) bands observed in the DNA backbone and base damage gel 
electrophoresis experiments are given in Tables 4.1 and 4.2. Tabulated values for DNA 
backbone damage are the average of three experimental trials with the indicated 
calculated standard deviation and p-value. Tabulated values for iron association with 
silica beads and PEG-TMS are given in Tables 4.3 and 4.4. Tabulated values for the iron 
association experiments are from one trial with the indicated standard deviation 
calculated from the error obtained from the [Fe(EDTA)]2- calibration curve. 
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Table 4.1. Tabulation for electrophoresis results for DNA backbone damage upon 
irradiation of TPP-doped CP dot nanoparticles. 
 
Lane Content % Circular DNA % Nicked DNA p-value 
2 plasmid DNA (p) 96.7 ± 0.2 3.3 - 
 
3 p + H2O2 93.5 ± 2.5 6.5 - 
 
4 p + H2O2 + Fe2+ 2.5 ± 2.3 97.5 - 
 
5 p + CP dot (irr for 0 min) 97.5 ± 0.09 2.5 <0.0001 
 
6 p + CP dot (irr for 50 min) 99.9 ± 0.08 0.1 <0.0001 
 
7 p + CP dot (irr for 100 min) 50.0 ± 0.5 50.0 <0.0001 
 
8 p + CP dot (irr for 200 min) 31.0 ± 0.5 69.0 <0.0001 
 
 
Table 4.2. Tabulation for electrophoresis results for DNA base damage upon 
 irradiation of TPP-doped CP dot nanoparticles. 
 
Lane Content % Circular DNA % Nicked DNA 
2 plasmid (p) + Fpg 96.0 4.0 
 
3 p + Fpg + CP dot (irr for 0 min) 99.3 0.7 
 
4 p + Fpg + CP dot (irr for 50 min) 98.0 2.0 
 
5 p + Fpg + CP dot (irr for 100 min) 47.0 53 
 
6 p + Fpg + CP dot (irr for 200 min) 28.0 72 
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Table 4.3. Tabulation for iron concentration associated to silica beads as determined 
from the [Fe(EDTA)]2- calibration curve. 
 
Volume of 50 μM Fe2+ used 
(μL) 
Concentration of Fe2+ associated 
to beads (μM) 
p-value 
50 1.17 ± 0.03 0.0002 
 
100 1.24 ±0.03 0.0002 
 
200 1.12 ± 0.03 0.0002 
 
Table 4.4. Tabulation for iron concentration associated to PEG-TMS as determined from 
the [Fe(EDTA)]2- calibration curve. 
 
Volume of 50 μM Fe2+ used 
(μL) 
Concentration of Fe2+ associated to 
PEG-TMS (μM) 
p-value 
50 2.16 ± 0.22 0.003 
 
100 2.70 ±0.19 0.002 
 
200 5.00 ± 0.60 0.005 
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CHAPTER FIVE 
INTERACTIONS OF CAFFEINE WITH POLYPHENOLS AND THE ABILITY OF 
PEACH ANTHOCYNANINS TO PREVENT OXIDATIVE DNA DAMAGE 
 
Introduction 
Reactive oxygen species (ROS) such as the hydroxyl radical (•OH) and hydrogen 
peroxide (H2O2) are the main cause of cellular oxidative stress, damaging DNA, lipids, 
and proteins.1,2 Iron-generated hydroxyl radical is the main source of cell death in both 
prokaryotes and eukaryotes, including humans.3-5 DNA-damaging •OH is produced via 
the Fenton reaction when H2O2 generated from cellular respiration oxidizes Fe2+ to Fe3+ 
(Reaction 1).   
Fe2+ + H2O2 → Fe3+ + OH- + •OH   (1) 
The production of •OH becomes catalytic in vivo when Fe3+ is reduced back to 
Fe2+ by cellular reductants such as reduced nicotinamide adenine dinucleotide (NADH).6 
Oxidative DNA damage results in cellular mutations and death, causing several 
conditions including aging,7 cancer,8 Alzheimer’s and Parkinson diseases,9 and 
arteriosclerosis.10,11 Therefore, prevention of DNA damage is important for both the 
treatment and prevention of these diseases, and antioxidants have been widely studied for 
such uses. 
Polyphenols are compounds found in a variety of foods and beverages such as 
fruits, vegetables, tea, coffee, chocolates, and red wine.12-15 These compounds have been 
widely studied for their antioxidant properties, and people have an average total dietary 
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intake of ~1 g/d, a value about 10 times higher than other commonly studied antioxidants 
such as vitamin C.12-17 Due to their antioxidant properties, polyphenols have several other 
health benefits, such as the prevention of cardiovascular diseases, osteoporosis, cancer, 
and neurodegenerative diseases.18  
Polyphenols constitute a diverse group of compounds categorized into several 
classes, including anthocyanins, catechins, flavonoids, flavones, and flavanones.18,19 Of 
the many classes, flavonoids and catechins have been widely studied for their antioxidant 
properties. Catechins are an abundant group of polyphenols primarily found in green 
tea.19 Green tea consumption is most popular in Asian diet and has been associated with 
many biological activities, including induction of cell cycle arrest and apoptosis, 
alteration of cell signaling, inhibition of proliferation and angiogenesis, and more 
recently, weight loss.20-22  
Major green tea catechins include epicatechin (EC), epigallocatechin (EGC), and 
epigallocatechin gallate (EGCG). EGCG (Figure 6.1) is the major antioxidant polyphenol 
in green tea and constitutes 40% of the total catechin content.20 The antioxidant ability of 
EGCG has been attributed to its radical scavenging and iron chelating abilities.20,23 
Because polyphenols are such an integral part of the human diet, it is important to 
understand their biological functions and antioxidant activity. Gel electrophoresis 
experiments used to investigate the ability of polyphenols to inhibit DNA damage from 
the Fenton reaction show that EGCG is a potent antioxidant with an IC50 (inhibitory 
concentration, the polyphenol concentration required to inhibit 50% DNA damage) of 1.1 
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± 0.01 μM, comparable to physiological plasma concentrations (~1 μM) after one cup of 
green tea.18,24,25 
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Figure 5.1. Structures of gallol, catechol, quercetin (Q), and compounds found in green 
tea: caffeine and epigallocatechin gallate (EGCG). 
 
Flavonoids are ubiquitous to plants and are found in high quantities in fruits, 
vegetables, olive oil, red wine, and chocolate.19,26 The main flavonoid found in the 
average Western diet is quercetin (Q, Figure 6.1), and humans have an average dietary 
intake of 16 mg/d.26,27 Quercetin inhibits lipid peroxidation in the retina, oxidative stress 
in cutaneous tissue-associated cell types, and hydrogen peroxide-induced cell death.28  
Quercetin is also an effective antioxidant, inhibiting iron-mediated DNA damage with an 
IC50 of 10.4 ± 0.2 μM.18,25 Experiments performed by Sestili et al. show that quercetin 
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prevents cell death from t-butyl hydroperoxide (tB-OOH) with an IC50 of 12.7 ± 0.9 μM, 
and reduces nuclear DNA single strand breaks with an IC50 of 2.7 ± 0.3 μM.28  
In addition to polyphenols, caffeine (1,3,7-trimethylxanthine; Figure 6.1) is 
another major component of green tea, coffee, and chocolate.29-31 The caffeine content in 
green tea is approximately 2-4%, whereas the polyphenol content is typically 10-30%.32 
Pharmacokinetic studies performed in adults indicate that caffeine is rapidly absorbed 
and eliminated from the body with a half life of 5-6 h.29,33,34 Serum levels of caffeine are 
between 39-46 μM 1-2 h after consumption of 300 mg caffeine (5 mg/kg adult body 
weight).29,35,36  In the US, the average daily caffeine intake from coffee by adults is 
estimated to be 2.4 mg/kg body weight and 5.3 mg/kg for heavier consumers, indicating 
that serum levels of caffeine rarely exceed 50 μM.29,37   
Caffeine is widely studied for its physiological effects on human health, mainly 
focusing on behavior or mood. It is also a diuretic and weak bronchodilator, and more 
recently, high intakes of caffeine (> 300 mg/d) have been associated with low birth 
weight and miscarriage in pregnant women.38 Caffeine also protects against mouse skin 
carcinogenesis induced by chemical agents in cigarette smoke, as well as glandular 
stomach carcinogenesis from lipid peroxidation.29,39,40 While the mechanism of this 
anticarcinogenic effect of caffeine is uncertain, much interest lies in its role as a possible 
antioxidant.  
Studies have shown that caffeine scavenges iron-generated hydroxyl radical, and 
also inhibits lipid peroxidation of rat liver microsomes in small doses.29,41,42 The ability of 
caffeine to scavenge iron-generated hydroxyl radical was measured using electron 
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paramagnetic resonance (EPR) and found to be concentration dependent, with optimal 
scavenging at 0.16 M and no activity at concentrations less than 0.02 M.29,41,42 These 
caffeine concentrations are much higher than physiological serum concentrations, and 
experiments performed on caffeine by the oxygen-radical absorbance capacity (ORAC) 
assay indicate that at physiologically relevant concentrations (40 μM), this compound has 
no antioxidant activity.29 Experiments with low density lipoprotein (LDL) lipid oxidation 
also indicated that caffeine did not protect LDLs from peroxidation at physiological 
concentrations. However, caffeine metabolites, 1-methylxanthine and 1-methyluric acid, 
were found to have high antioxidant abilities and were able to prevent LDL oxidation at 
biologically relevant concentrations (40 μM).29   
 Interestingly, polyphenols found in black tea and coffee can form π−stacked 
complexes with caffeine.43-47  The proposed B ring binding site (Figure 6.1) and the 
affinity of catechins for caffeine binding were based on the 1H-NMR chemical shifts of 
the protons from gallol or catechol groups upon titrations with caffeine.43,48  Based on 
these 1H-NMR titrations, Hayashi et al. showed that EGCG, which contains two gallol 
substituents, forms more stable complexes with caffeine than catechins without gallol 
groups, and has a binding constant with caffeine of 90 ± 2% M-1.43 Complexation of 
polyphenols with caffeine is an interesting phenomenon, and very little has been done to 
investigate the biological activities of such π-stacking interactions. Both polyphenol 
compounds and caffeine are antioxidants individually, but it is not known how this π-
stacking behavior would affect this antioxidant activity in combination.  
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In addition to the ability of catechin polyphenols to interact with caffeine, studies 
have shown that the complex formed between quercetin and transition metals such as 
Cu2+ can bind DNA via intercalation.49  Several studies indicate that the catechol 
functionalization of the B ring of quercetin (Figure 6.1) is important for Cu2+ 
chelation.49-53 A separate study showed a weak interaction between quercetin and DNA, 
and DNA damage occurring upon addition of Cu2+ to quercetin-DNA solutions.54 
Spectrophometric and electrochemical experiments indicate that this pro-oxidant effect of 
quercetin is caused by the intercalation of the quercetin-Cu2+ complex into DNA, 
resulting in DNA strand breakage.49 This pro-oxidant behavior is consistent with 
additional investigations where flavonoids were found to damage DNA and induce 
mutagenesis in the presence of transition metals. In the latter case, reduction of transition 
metals by flavonoids resulted in the formation of the DNA-damaging hydroxyl 
radical.49,55-58  
In this chapter, the effects of caffeine on the antioxidant activity of EGCG and 
quercetin are investigated using DNA gel electrophoresis. In addition, the ability of 
polyphenol compounds in various peach cultivars with different antioxidant contents is 
investigated for their ability to prevent iron-mediated DNA damage.  
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Results and Discussion 
 
Iron-mediated DNA damage inhibition by caffeine, epigallocatechin-3-gallate (EGCG), 
and quercetin (Q) 
The antioxidant activities of EGCG and quercetin have been previously studied 
via gel electrophoresis for their ability to prevent iron-mediated oxidative DNA 
damage.18 EGCG was found to be a more potent antioxidant than quercetin with IC50 
values of 1.1 ± 0.01 μM and 10.4 ± 0.2 μM, respectively.18,25  
           
1 1312111098765432 2191817161514 0
[caffeine]
undamaged DNA
damaged DNA
 
Figure 5.2. Gel electrophoresis image of caffeine under Fenton reaction conditions. Lane 
1: 1 kb ladder, lane 2: plasmid only (p), lane 3: p + H2O2 (50 μM), lane 4: p + H2O2 
(50 μM) + caffeine (500 μM), lane 5: p + H2O2 (50 μM) + Fe2+ (2 μM), lanes 6-20: lane 
5 + increasing concentrations of caffeine (0.0005, 0.001, 0.01, 0.02, 0.05, 0.2, 2, 4, 10, 
50, 100, 200, 300, 400 and 500 μM, respectively). 
 
Similar DNA damage experiments were performed with caffeine alone. The gel in 
Figure 5.2 shows that Fe2+/H2O2 (lane 5) damages a high percentage of DNA (~93%), 
and caffeine (lanes 6-20) has no significant antioxidant activity against iron-mediated 
oxidative DNA damage at concentrations up to 500 μM. Because studies have shown that 
polyphenols such as catechins form π-stacked complexes with caffeine, similar gel 
electrophoresis experiments were also performed with EGCG or Q and caffeine to 
determine the effects of caffeine on the antioxidant activity of EGCG and Q.  
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In the NMR study by Hayashi et al., the stoichiometric ratio for polyphenol 
compounds π-stacking with caffeine was determined to be 1:1.43 Therefore, in the gel 
experiments performed, the concentration of caffeine in each lane was equal to the 
concentration of EGCG. Also, since iron precipitates at pH > 6.5, MES buffer (10 mM) 
was added in each lane to maintain pH 6. Figure 6.3 is a gel showing both undamaged 
(circular) and damaged (nicked) DNA at various concentrations of EGCG/caffeine 
(0.0005-100 μM). Without iron, EGCG/caffeine and hydrogen peroxide have no effect on 
DNA damage (lane 4). Increasing concentrations of EGCG and caffeine in the presence 
of Fe2+/H2O2 (lanes 6-16) showed an increase in undamaged DNA, with 64% DNA 
damage inhibition at 2 μM (Figure 6.3, lane 12). At the highest EGCG/caffeine 
concentration tested (100 μΜ), 100% DNA damage was inhibited (Figure 6.3, lane 16).  
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Figure 5.3. Gel electrophoresis image of (-)-epigallocatechin-3-gallate (EGCG) and 
caffeine under Fenton reaction conditions. Lane 1: 1 kb ladder, lane 2: plasmid only (p), 
lane 3: p + H2O2 (50 μM), lane 4: p + H2O2 (50 μM) + EGCG/caffeine (500 μM), lane 5: 
p + H2O2 (50 μM) + Fe2+ (2 μM), lanes 6-16: lane 5 + increasing concentrations of 
EGCG and caffeine (0.0005, 0.001, 0.01, 0.02, 0.05, 0.2, 2, 4, 10, 50, 100 μM, 
respectively). 
 
A graph of the percent inhibition of DNA damage as a function of EGCG/caffeine 
concentration is shown in Figure 5.4. From the best-fit sigmoidal dose response curve, 
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the IC50 value (the concentration of polyphenol necessary for inhibition of 50% of the 
DNA damage produced by •OH) was obtained. The IC50 for EGCG/caffeine was 1.2 ± 
0.2 μM (p = 0.01, Hillslope = 1.3), which is comparable to the IC50 for EGCG inhibition 
of DNA damage alone (1.1 ± 0.01 μM) and that of physiological plasma concentrations 
(~1 μM after one cup of green tea).24 Thus, addition of one equivalent caffeine to EGCG 
has no significant effect (p = 0.48) on antioxidant activity compared to EGCG alone. 
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Figure 5.4. Percent DNA damage inhibition graph of a 1:1 ratio of (-)-epigallocatechin-
3-gallate (EGCG) and caffeine under Fenton reaction conditions (2 μM Fe2+ + 50 μM 
H2O2). Standard deviations were calculated from three separate trials at the 
concentrations shown. The best-fit sigmoidal dose-response curve (black line) was used 
to determine the IC50 value. 
 
Because quercetin also π stacks with caffeine, similar experiments were 
performed with a 1:1 ratio of quercetin and caffeine. Quantification of the gel band 
intensities shows that Q/caffeine does inhibit iron-mediated DNA damage (Figure 5.5). 
The highest concentration tested (500 μM) prevented 100% of damaged DNA. Figure 5.6 
shows the best-fit sigmoidal dose-response curve, IC50 for Q/caffeine was determined to 
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be 72 ± 15 μM (p < 0.02, Hillslope = 1.39), a concentration much greater than that found 
for Q alone (IC50 = 10.4 ± 0.2  μM) under similar conditions (p = 0.02).18,25 Thus, in 
contrast to caffeine combined with EGCG, caffeine in combination with quercetin 
significantly lowers the antioxidant activity of quercetin. Caffeine itself does not prevent 
iron-mediated DNA damage, and addition of this compound in a 1:1 ratio to EGCG has 
no effect on the antioxidant activity of this polyphenol.  In contrast, the combination of Q 
and caffeine in a 1:1 ratio greatly lowers antioxidant activity compared to Q alone, 
indicating that π-stacking interactions have different effects on polyphenol antioxidant 
activity. 1H NMR and Job’s plot titration studies show that EGCG (2 mM and 5mM) 
binds caffeine (500 μM) in a 1:1 ratio, with similar binding constants (89 ± 10% M-1 and 
90 ± 2% M-1, respectively).43 
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Figure 5.5. Gel electrophoresis image of quercetin (Q) and caffeine under Fenton 
reaction conditions. Lane 1: 1 kb ladder, lane 2: plasmid only (p), lane 3: p + H2O2 (50 
μM), lane 4: p + H2O2 (50 μM) + Q/caffeine (500 μM), lane 5: p + H2O2 (50 μM) + Fe2+ 
(2 μM), lanes 6-20: lane 5 + increasing concentrations of Q and caffeine (0.0005, 0.001, 
0.01, 0.02, 0.05, 0.2, 2, 4, 10, 50, 100, 200, 300, 400, and 500 μM, respectively). 
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Figure 5.6. Percent DNA damage inhibition graph of a 1:1 ratio of quercetin and caffeine 
under Fenton reaction conditions (2 μM Fe2+ + 50 μM H2O2). Standard deviations were 
calculated from three separate trials at the concentrations shown. The best-fit sigmoidal 
dose-response curve (black line) was used to determine the IC50 value. 
 
 
Similar results were also observed for other catechins including epicatechin and 
epigallocatechin; however, estimation of binding constants was difficult due to small 
changes in the proton chemical shifts resulting in large errors.43 It should be noted that 
concentrations used in the NMR studies are significantly higher than those used for our 
gel electrophoresis experiments with EGCG and caffeine (0.005-100 μM), and there may 
be less interaction between the two compounds at such low concentrations. However, the 
decreased antioxidant activity of Q/caffeine (0.005-500 μM) compared to Q alone 
indicates that significant π-stacking may occur even at the low concentrations used for 
the DNA damage experiments.  
Hayashi et al. showed that both the A and B rings of catechins are required for 
complexation with caffeine,43 and ECGG contains two gallol substituents, both of which 
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are B-type rings, while quercetin contains only one catechol group as its B-ring (Figure 
5.1). Therefore, one equivalent of caffeine may bind to one gallol ring of EGCG, and the 
presence of an additional gallol group to bind iron may still permit potent antioxidant 
activity. In the case of quercetin, once its catechol ring is involved in π-stacking 
interactions with caffeine, the catechol is unable to bind iron as efficiently and thus its 
antioxidant function is reduced.  To fully understand the different effects of caffeine with 
EGCG and with Q, gel electrophoresis experiments using a higher caffeine to EGCG 
ratio (at least 2:1) would be enlightening. Higher ratios of caffeine to EGCG may 
promote π-stacking to both gallol substituents of EGCG and reduce antioxidant activity.  
Since π-acidic polyphenols such as EGCG and Q π-stack with the π-basic 
caffeine43,44,47 to yield different effects on antioxidant behavior, other polyphenol/caffeine 
interactions should be examined for their effects on antioxidant activity. UV-vis and 
NMR titrations of caffeine with various polyphenol compounds might also be performed 
to additionally investigate the potential π−stacking interactions and to determine the 
effects on antioxidant activity of one vs. two B ring gallol- and catechol-containing 
compounds. In addition, since compounds such as quercetin can intercalate into the DNA 
bases (also π bases), it is important to investigate the interactions of EGCG, Q, and other 
polyphenols with the electron-rich DNA bases adenine and guanine to determine the 
effects of DNA base binding on observed antioxidant activity. Lastly, because both 
polyphenol compounds and caffeine are found in regularly-consumed foods, it is crucial 
to fully understand how these combinations affect polyphenol antioxidant potency.  
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Investigating the antioxidant and phenolic content of peach cultivars 
Regular consumption of fruits and vegetables has protective effects against cancer 
and cardiovascular diseases.59-62 These health properties are due to the presence of 
antioxidant compounds in these foods, such as vitamins A, C, and E, and 
polyphenols.59,63,64 Therefore, evaluating the phenolic content of fruit and the antioxidant 
properties of fruit polyphenols is an active area of research.59,60,65-67 Several studies have 
reported the phenolic content of various stone fruits such as peaches, nectarines and 
plums.59,60,65 Such quantification is difficult, since the phenolic content of fruits varies 
significantly among cultivars and is affected by several factors including sample size, 
polyphenol compounds present, and the amount of each cultivar analyzed.59,60  
 Commercial peaches (Prunus persica B.) belong to the Rosaceae family along 
with nectarines, plums, cherries, almonds and apricots.68 The skin (peel) and juicy flesh 
(mesocarp) color are prominent features for peach cultivars.68 Commercially, white- and 
yellow-fleshed peaches are the most popular varieties, and studies have shown that the 
peel tissue has a higher phenolic content than flesh tissues.59,69 Polyphenol compounds 
found in stone fruits can prevent cardiovascular diseases and cancer due to their 
antioxidant properties.59,60,67 Besides antioxidant effects, anthocyanins are responsible for 
the color of peaches, which range from blue to orange and red.65,69,70 One of the main 
anthocyanins found in peach skin is cyanidin-3-rutinoside (Figure 5.7).71  In one study, 
genotype variations in the composition and antioxidant properties of white and yellow 
peach cultivars showed a strong correlation between total phenolic content and 
antioxidant activity at the ripe or “ready-to-eat” stage as measured by scavenging of the  
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2,2’-diphenyl-1-picrylhydrazyl radical (DPPH•+) and the ferric reducing ability plasma 
(FRAP) methods.59   
HO
O
OH
OH
HO
O
OH
OH
OH
O+
OH
OH
HO
O
O
O
OH
OH
OH
OH
OH
OHHO
HO
H3C
Cyanidin-3-rutiniside
Gallic acid (GA)
Protocatechuic acid 
(PCA)
 
 
Figure 5.7. Structures of gallic acid (GA), protocatechuic acid (PCA), and the 
anthocyanin, cyanidin-3-rutinoside. 
 
 
A study by Cevallos-Casals et al. showed that the total anthocyanin content in 
red-fleshed or blood peaches is approximately ten times higher than that of white or 
yellow fleshed cultivars.72 Thus, peaches of the blood-red variety may have greater 
antioxidant-derived protective effects than the more popular white and yellow cultivars. 
The ability to genetically alter antioxidant content makes peaches, as well as other fruits, 
a target for breeding programs focusing on enhancement of phenolic composition and 
antioxidant activity.65,72 
The Abbott laboratory at Clemson University has been successful in producing 
several natural and genetically-modified peach cultivars.73 The four main varieties of 
peaches investigated by the Abbott group are Red Globe, Di-haploid Lovell, Sugar Giant 
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and the genetically-modified cultivar, BY99P4508 (BY). The characteristics of each 
peach cultivar with respect to the flesh and skin colors are shown in Table 5.1. In light of  
 
Table 5.1. Flesh and skin color, and estimated anthocyanin concentrations of various 
peach cultivars discussed in this chapter. 
 
 
 
 
 
 
 
 
 
 
 
aestimated anthocyanin concentration was calculated using the molecular mass of cyanidin-3-
rutinoside (582 g/mol).
~3400.2Blood-redBlood-redBY99P1508 (BY)
~3400.2RedWhiteSugar Giant
~3400.2Yellow-greenYellowLovell
~3400.2RedYellowRed Globe
Estimated 
anthocyanin 
concentration (μM)a
Total dissolved 
anthocyanin 
(mg/mL)
Skin colorFlesh colorPeach cultivar
the health benefits and ongoing breeding programs with possible commercial value, it is 
of great interest to determine and compare the anthocyanin content of these cultivars with 
their ability to inhibit oxidative DNA damage. 
The Brumaghim laboratory has used DNA gel electrophoresis assays to determine 
and compare the antioxidant activities of polyphenol compounds.18 In these DNA damage 
experiments, the generation of the DNA-damaging hydroxyl radical (•OH) is produced 
upon oxidation of Fe2+ by hydrogen peroxide (H2O2).6,74 Antioxidant activity of the 
polyphenol compounds was quantified by measuring the percentage of inhibited DNA 
damage.18 In collaboration with the Abbott group, the antioxidant activities of aqueous 
extracts of the peach cultivars in Table 5.1 were determined via similar DNA damage 
assays. 
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Dried peach extracts from Red Globe, Lovell, Sugar Giant, and BY99P4508 (BY) 
cultivars were obtained from the Abbott lab by methanol extraction, and solid samples 
(0.75 mg) were prepared by lyophilization. Since the samples were only slightly soluble 
in distilled water, an estimated concentration of diluted peach extract was determined for 
each cultivar sample (340 μM) using the molecular weight of the anthocyanin, cyanidin-
3-rutinoside (582 g/mol; Table 5.1). Increasing concentrations of each peach extract were 
used to determine the ability of each peach cultivar to inhibit iron-mediated DNA damage 
via gel electrophoresis.  
 
[Sugar Giant]
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undamaged DNA
damaged DNA
C
[Lovell]
106 983 752 41
undamaged DNA
damaged DNA
B
[BY]
106 983 752 41
undamaged DNA
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D
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106 983 752 41
damaged DNA
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Figure 5.7. DNA gel electrophoresis experiments for peach extracts: (A) Red Globe, (B) 
Lovell, (C) Sugar Giant, and (D) BY under Fenton reaction conditions at pH 6. For each 
gel, lanes 1) 1 kb ladder; 2) plasmid (p); 3) p + H2O2 (50 μM); 4) p + H2O2 (50 μM) + 
Red Globe, Sugar Giant, BY, or Lovell; 5) p + H2O2 (50 μM) + Fe2+ (2 μM); and 6-10) 
1.7, 3.4, 6.9, 17, and 34 μM of Red Globe, Sugar Giant, or BY extracts, respectively or 
6.9, 17, 34, 68, and 170 μM of Lovell extract, respectively.  
 
In these experiments a pH of 6 was maintained, since iron precipitates at pH > 
6.5.18 Figure 5.7 shows DNA gel electrophoresis images at various concentrations for 
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each peach cultivar tested. The control lanes (Figure 5.7, lanes 2 and 3) indicate that the 
plasmid is of good quality, and neither H2O2 nor the highest concentration of peach 
extract tested (lanes 4) damages DNA. Addition of Fe2+ (2μM) and H2O2 (50 μM) 
produced > 90 % DNA damage (Figure 5.7, lanes 5) as seen from the increase in the band 
intensities. 
In the presence of Fe2+/H2O2, Red Globe extract inhibited DNA damage in a 
concentration-dependent manner as seen by the gradual increase in undamaged DNA 
from Figure 5.7, lanes 6-10. Quantification of the gel band intensities showed that at the 
highest concentration tested (~34 μM), this peach extract inhibited 95% DNA damage (p 
= < 0.0001). Similarly, increasing concentrations of Lovell, Sugar Giant, and BY extracts 
also significantly inhibited DNA damage from Fe2+ and hydrogen peroxide. Lovell (~170 
μM) extract at the highest concentration prevented 91% (p = < 0.0001, Figure 5.7B), 
Sugar Giant extract (~34 μM) prevented 80% (p = < 0.0001; Figure 5.7C), and BY 
extract (~34 μM) inhibited 99% (p = < 0.0001; Figure 5.7D) DNA damage. While all 
peach samples were found to be effective antioxidants, the genetically-modified extract, 
BY, prevented the most DNA damage (77%; p = 0.001), followed by Red Globe (64%; p  
< 0.0001), Lovell (22%; p = 0.006) and Sugar Giant (14%; p = 0.02) at ~6.9 μM (Figure 
5.8A). These results correlate well with previous radical-scavenging and iron-reduction 
studies of peach antioxidant activity that found that blood-red peach cultivars had higher 
antioxidant activities than those with white or yellow mesocarps.65,72  
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Figure 5.8. Percent DNA damage inhibition of Red Globe, Lovell, Sugar Giant, and BY 
peach extracts at A) ~6.9 μM and B) ~17 μM. 
 
Interestingly, at higher concentrations of peach extracts (~17 μM), Red Globe 
(yellow flesh) and BY (red flesh) have similar antioxidant effects, inhibiting 92% (p = 
<0.0001) and 90% (p = <0.0001) oxidative DNA damage, respectively (Figure 5.8B). 
This data suggest that flesh color may not necessarily be a determining factor of peach 
extract antioxidant activity, especially since Lovell, with yellow flesh color has 
significantly low antioxidant activity when compared to Red Globe (Figure 5.8) at both 
~6.9 μM (p = 0.002) and ~17 μM (p = 0.01). Although the high antioxidant activity of 
Red Globe and BY may be attributed to their red skin color, this factor seems unlikely 
since Sugar Giant, with red skin has significantly little antioxidant activity compared to 
Red Globe with similar skin color (p = 0.002 at ~6.9 μM and p = <0.0001 at ~17 μM).  
Peach extracts have strong antioxidant activity and significantly prevent iron-
mediated DNA damage. As expected, the genetically modified peach extract (BY) has the 
highest activity inhibiting 99% DNA damage at ~34 μM.  This result correlates well with 
the reports that peach cultivars of the blood-red variety have the highest radical 
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scavenging ability and iron-reducing abilities when compared to peaches that are yellow 
or white in color.72 Studies by Kader et al. demonstrate that the antioxidant activity of 
peaches is due to their phenolic content.59 
Due to the strong correlation between antioxidant activity, peach flesh color, and 
anthocyanin content, attempts to determine total phenolic content in peach extracts using 
the Folin-Ciocalteu method were also undertaken for the four peach extracts. The Folin-
Ciocalteu phenol reagent, consisting of a mixture of phosphotungstic and 
phosphomolybic acids, turns blue upon reduction by phenol compounds as tungsten blue 
and molybdenum blue are produced.75 Thus, phenol content can be indirectly measured 
by UV-vis spectroscopy.75 Calibration curves of either gallic acid (GA) or protocatechuic 
acid (PCA) are used as a standard to calculate total phenolic content from food extracts 
(Figure 5.9).75,76 Suitable calibration curves may also be obtained by UV-vis 
measurements of the purple color obtained when Fe2+ is oxidized to Fe3+ by gallic acid or 
protocatechuic acid.  
It is expected that the total polyphenolic content of the peach extracts (including 
anthocyanin compounds) could be determined using this method, since the estimated 
anthocyanin concentrations of the peach extracts are ~340 µM.  Unfortunately, 
absorbances at lower polyphenol concentrations (1-10 μM) are extremely small using the 
Folin-Ciocalteu method, so this method is unsuitable for determining polyphenol content 
of solutions containing biologically-relevant phenolic concentrations. 
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Figure 5.9. Calibration curves for A) gallic acid (GA) and B) protocatechuic acid (PCA) 
using the Folin-Ciocalteu method. Error bars for both graphs represent standard 
deviations calculated from the average of three trials. Error bars are smaller than the data 
points. 
 
 
The peach extracts studied in this chapter came from the mesocarps (flesh) of 
these cultivars, and although they have significant antioxidant activity, it would be 
interesting to compare such activity with extracts obtained from the skin (peel), because 
the peel tissues of peaches have a higher phenolic content than the flesh tissues.59 In 
addition, since peaches are often cooked using different methods, the effects of such 
cooking methods on the antioxidant content and activity of peach cultivars is also of 
particular interest . 
 
Conclusions 
Gel electrophoresis experiments to determine the ability of polyphenols combined 
with caffeine to inhibit iron-mediated DNA damage demonstrated that a 1:1 ratio of 
EGCG/caffeine had greater antioxidant activity (IC50 = 1.2 ± 0.2 μM) than a 1:1 ratio of 
Q/caffeine (IC50 = 72 ± 15 μM).  Compared to similar experiments performed with 
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EGCG alone (IC50 = 1.1 ± 0.01 μM),18,25 addition of caffeine has no significant effect on 
the antioxidant activity of EGCG (p = 0.48). However, the antioxidant activity of 
quercetin (IC50 = 10.4 ± 0.2 μM)18,25 significantly decreased upon addition of one 
equivalent of caffeine (p = 0.02). 
The addition of caffeine may play a significant role on polyphenol antioxidant 
activity depending on the specific polyphenol compound tested. Further studies are 
therefore warranted to determine the effects of caffeine on the antioxidant activity of 
other polyphenols such as epicatechin, myricetin, and epicatechin-3-gallate. To further 
examine the biological implications of such activity, the ability of polyphenols (π-acids) 
to interact with π-bases such as caffeine or the DNA bases adenine and guanine are 
necessary. These π-stacking interactions can be examined by UV-vis or NMR titrations 
of these compounds. Results from these experiments will determine the biological 
implications of polyphenol antioxidant combinations with caffeine, also a common 
dietary component, on human health. 
 Experiments performed to determine the antioxidant activity of Red 
Globe, Lovell, Sugar Giant, and genetically-modified BY peach extracts obtained from 
the Abbott lab at Clemson showed that all peach samples inhibited iron-mediated DNA 
damage in a concentration dependent manner. BY peach extract had the highest 
antioxidant activity followed by Red Globe, Lovell, and Sugar Giant extracts. To better 
evaluate the antioxidant activity of these peach extracts, their phenolic content must also 
be determined. Our experiments prove that peach polyphenols prevent oxidative DNA 
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damage at biological concentrations, and further validates the need for breeding programs 
that produce genetically-modified peach cultivars to increase their antioxidant activity. 
 
Materials and Method 
 
Materials 
Quercetin (Q) and protocatechuic acid (PCA) were purchased from MP 
Biomedicals, Inc., and (-)-epigallocatechin-3-gallate (EGCG) was from Cayman 
Chemical Company. FeSO•7H2O, NaCl (99.999%), hydrogen peroxide (30%), caffeine, 
guanosine, and bromophenol blue were from Alfa Aesar. Glucose, agarose, and 
ampicillin were from EMD Chemicals. TRIS hydrochloride and Na2EDTA were from J. 
T. Baker; ethidium bromide was from Lancaster Synthesis Inc., and HCl was from VWR 
Scientific. Xylene cyanol, peptone, and yeast extract were purchased from EM Science; 
MES buffer (99.6%) was from Calbiochem, sodium carbonate and adenine were from 
Acros. Gallic acid (GA) was from TCI America and Folin-Ciocalteu’s phenol reagent 
came from Fluka Analytical. Use of high purity MES buffer (99.6%) and NaCl 
(99.999%) were necessary to avoid metal contamination. Water was purified using the 
NANOpure Diamond water deionization system (Barnstead International. Dubuque, IA). 
Iron-free microcentrifuge tubes were prepared by washing the tubes in 1 M HCl and 
triple rinsing with ddH2O. UV-vis absorption spectra were measured on a Shimadzu UV-
3101PC spectrophotometer (Shimadzu Corp., Kyoto, Japan).  
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Purification of plasmid DNA 
DH1 E. coli cells were transfected with pBSSK, plated on LB/amp plates, and 
incubated at 37 oC for 16 h. Cell cultures were grown in TB/amp medium inoculated with 
a single colony for 15 h at 37 oC. Plasmid DNA was purified from cell pellets using a 
QIAprep Spin Miniprep kit (Qiagen, Chatsworth, CA) with tris-EDTA (TE) buffer was 
used to elute the DNA. Dialysis of plasmid DNA was performed against 130 mM NaCl 
(99.999%) for 24 h at 4 oC. The resulting DNA concentration was found using UV-vis 
measurements at A260 (1 A260 = 50 ng/μL). Purity of plasmid DNA was determined via 
gel electrophoresis of a digested sample, and all absorbance ratios were within acceptable 
limits (A250/260 < 0.95, and A260/280 > 1.8).  
 
Preparation of peach extracts 
Red Globe, Di-haploid Lovell, Sugar Giant, and BY99P5508 (BY) peach 
cultivars were grown at Musser Farm, Clemson University in 2008. Samples (1 g) 
collected from 3-4 peaches at full maturation were frozen in liquid nitrogen and stored at 
-80°C. For antioxidant quantification via DNA damage assay, 1 g of each frozen peach 
flesh cultivar (mesocarp without skin, 1 g) was ground to a fine powder with liquid 
nitrogen and extracted twice with methanol and HCl (0.01%) at room temperature to a 
volume of 15 mL. Extract (1 mL) was lyophylized overnight to obtain a solid sample 
weighing ~0.75 mg. Solid peach samples were weighed and then dissolved in ddH2O (1 
mL). Since the samples were only somewhat soluble in water, the soluble fractions were 
transferred to another microcentrifuge tube and the remaining solid was weighed. The 
188 
 
two masses measured before and after dissolving the peach extract was subtracted, and an 
estimated concentration of dissolved polyphenols was determined using the molecular 
weight for an anthocyanin commonly found in large quantity in peaches, cyanidin-3-
rutinoside (582 g/mol).  
 
Inhibition of iron-mediated DNA damage by caffeine, epigallocatechin gallate (EGCG), 
quercetin (Q), and peach cultivars 
 The indicated concentrations of caffeine were combined with 0.1 pmol plasmid 
DNA, 130 mM NaCl, 10 mM ethanol, 2 μM FeSO4•H2O, 10 mM MES buffer at pH 6 
and allowed to stand for 5 min at room temperature. H2O2 (50 μM) was then added and 
incubated for 30 min. EDTA solution (50 μM) was added after this time. All 
concentrations are reported as final concentrations, and a total volume of 10 μL was 
maintained with ddH2O. DNA was separated on 1% agarose gel via electrophoresis, 
stained with ethidium bromide for 30 min, and imaged on an UVIproDBT-8000 gel 
imager (UVITec, Cambridge, UK). Quantification of closed-circular (undamaged) and 
nicked (damaged) DNA was performed using the UviPro software. Similar experiments 
were performed for the polyphenols EGCG and Q with caffeine (in a stoichiometric ratio 
of 1:1), Red Globe, Di-haploid Lovell, Sugar Giant, and BY99P4508 (BY) peach 
extracts, substituting either EGCG/caffeine, quercetin/caffeine, or the peach extracts for 
caffeine.  
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Gel analysis and IC50 determination 
Percent DNA damage inhibition was determined using the formula 1-[% N / % 
B]*100, where % N = % nicked DNA in the polyphenol or peach extract containing lanes 
and % B = % of nicked DNA in the Fe2+/H2O2 lane. Percentages are corrected for 
residual nicking prior to calculation.  Results are the average of three trials, and standard 
deviations are indicated by error bars.  Statistical significance was determined by 
calculation of p values at 95% confidence as described by Perkowski et al.77  Sigma Plot 
(v.9.01, Sysat Software, Inc., San Jose, CA) was used to plot percent DNA damage 
inhibition as a function of log concentration of antioxidant compounds and fit to a 
variable-slope sigmoidal dose response curve using the equation: f = min + (max-min)/ (1 
+ 10(logEC50 – x)*Hillslope). Results are the average of the fits of three trials, and errors are 
reported as standard deviations calculated by error propagation from gel results. 
 
Calibration curves for GA and PCA via Folin-Ciocalteu method 
 Solutions of gallic acid and protocatechuic acid (0.001-0.5 mM, 100 μL) 
prepared in MES buffer (90 mM) to maintain a pH of 6 was combined with Folin-
Ciocalteu phenol reagent (1 mL of phenol reagent was first diluted to 3 mL using 
ddH2O), and allowed to stand for 5 min at room temperature. After this time, saturated 
Na2CO3 (2 mL, 3.5 M) was added and diluted to 6 mL with ddH2O. The solution was 
allowed to stand at room temperature until it turned blue (~5-10 min) and the absorbance 
was measured via UV-vis at 745 nm. The absorbance of a blank solution, which remained 
yellow (the color of the phenol reagent) was also obtained using ddH2O instead of GA or 
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PCA. The blank absorbance was subtracted from the experimental absorbances and the 
resulting absorbances at 745 nm were plotted as a function of concentration to obtain 
calibration curves.  
 
Tabular data for gel electrophoresis experiments 
Tabulated values for the percentages of undamaged (closed, circular)  and 
damaged (nicked) DNA bands observed in the gel electrophoresis experiments for 
Fe2+/H2O2 (pH = 6) with caffeine and polyphenols are given in Tables 5.2-5.8. All 
reported tabulated values are the average of three experimental trials with the indicated 
standard deviations. 
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 Table 5.2. Tabulation for electrophoresis results for caffeine with Fe2+ (2 μM) and H2O2 
(50 μM) at pH 6. 
 
Lane Concentration 
(μM) 
% Supercoiled 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 5.6 ± 2.0 94.4 0 0 
 
6 0.0005 6.6 ± 3.1 93.4 -6.8 ± 3.4 0.07 
 
7 0.001 8.3 ± 0.56 91.7 -6.9 ± 3.2 0.06 
 
8 0.01 5.7 ± 5.2 94.3 -7.0 ± 2.3 0.03 
 
9 0.02 4.2 ± 3.8 95.8 -6.9 ± 3.5 0.08 
 
10 0.05 5.9 ± 1.6 94.1 -7.3 ± 3.2 0.06 
 
11 0.2 6.8 ± 1.6 93.2 -7.6 ± 33 0.06 
 
12 2 6.9 ± 0.87 93.1 -7.3 ± 3.5 0.07 
 
13 4 6.3 ± 1.8 93.7 0.82 ± 2.1 0.57 
 
14 10 5.8 ± 2.9 94.2 0.25 ± 1.6 0.81 
 
15 50 6.7 ± 3.6 93.3 1.2 ± 1.8 0.37 
 
16 100 6.4 ± 1.3 93.6 0.97 ± 3.2 0.65 
 
17 200 8.0 ± 1.7 92 2.9 ± 1.4 0.07 
 
18 300 8.0 ± 3.2 92 2.8 ± 2.2 0.16 
 
19 400 8.1 ± 3.4 91.9 2.9 ± 1.5 0.08 
 
20 500 6.8 ± 6.1 93.2 1.5 ± 8.3 0.78 
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Table 5.3. Tabulation for electrophoresis results for EGCG and caffeine with Fe2+ (2 
μM) and H2O2 (50 μM) at pH 6. 
 
Lane Concentration 
(μM) 
% Supercoiled 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 6.7 ± 2.0 93.3 0 0 
 
6 0.0005 7.9 ± 1.2 92.1 2.1 ± 0.79 0.04 
 
7 0.001 7.4 ± 0.19 92.6 1.6 ± 1.9 0.28 
 
8 0.01 6.7± 0.5 93.3 1.3 ± 2.8 0.51 
 
9 0.02 6.3 ± 0.99 93.7 -0.45 ± 3.2 0.83 
 
10 0.05 9.9 ± 1.9 90.2 1.7 ± 4.2 0.56 
 
11 0.2 32 ± 4.9 68 14 ± 3.2 0.02 
 
12 2 64 ± 5.2 36 57 ± 3.6 0.001 
 
13 4 80 ± 4.2 20 74 ± 2.6 <0.0001 
 
14 10 94 ± 2.6 6.0 93 ± 0.77 <0.0001 
 
15 50 98 ± 1.9 2.0 100 ± 0.05 <0.0001 
 
16 100 99 ± 1.5 1.0 101 ± 0.42 <0.0001 
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Table 5.4. Tabulation for electrophoresis results for Q and caffeine with Fe2+ (2 μM) and 
H2O2 (50 μM) at pH 6. 
 
Lane Concentration 
(μM) 
% Supercoiled 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 7.2 ± 3.0 92.8 0 0 
 
6 0.0005 1.0 ± 0.29 99.0 -6.8 ± 3.4 0.07 
 
7 0.001 0.9 ± 0.99 99.1 -6.9 ± 3.2 0.06 
 
8 0.01 0.8 ± 0.84 99.2 -7.0 ± 2.3 0.03 
 
9 0.02 0.9 ± 0.69 99.1 -6.9 ± 3.5 0.08 
 
10 0.05 0.6 ± 0.52 99.4 -7.3 ± 3.2 0.06 
 
11 0.2 0.2 ± 0.12 99.8 -7.6 ± 3.3 0.06 
 
12 2 0.5 ± 0.5 99.5 -7.3 ± 3.5 0.07 
 
13 4 1.7 ± 0.63 98.3 -6.1 ± 3.9 0.11 
 
14 10 6.9 ± 4.6 93.1 -0.31 ± 1.8 0.79 
 
15 50 48 ± 2.4 52 45 ± 2.2 <0.0001 
 
16 100 59 ± 6.7 41 57 ± 5.6 0.003 
 
17 200 81 ± 4.9 19 81 ± 4.9 0.001 
 
18 300 89 ± 2.7 11 90 ± 5.1 0.001 
 
19 400 93 ± 1.1 7.0 95 ± 1.3 <0.0001 
 
20 500 99 ± 1.6 1.0 100 ± 0.69 <0.0001 
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Table 5.5. Tabulation for electrophoresis results for Red Globe peach extract with Fe2+ (2 
μM) and H2O2 (50 μM) at pH 6. 
 
Lane Concentration 
(μM)a 
% Supercoiled 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 6.7 ± 9.7 93.3 0 0 
 
6 ~1.7 17 ± 2.4 83 11 ± 5.0 0.06 
 
7 ~3.4 36 ± 4.2 64 31 ± 7.4 0.02 
 
8 ~6.9 66 ± 2.1 34 64 ± 0.67 <0.0001 
 
9 ~17 92 ± 2.5 8.0 92 ± 3.4 <0.0001 
      
10 ~34 94 ± 2.2 6.0 95 ± 3.2 <0.0001 
aEstimated anthocyanin concentration was calculated using the molecular mass of cyanidin-3-rutinoside 
(582 g/mol). 
 
 
 
Table 5.6. Tabulation for electrophoresis results for Lovell peach extract with Fe2+ (2 
μM) and H2O2 (50 μM) at pH 6. 
 
Lane Concentration 
(μM)a 
% Supercoiled 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 4.0 ± 3.7 96 0 0 
 
6 ~6.9 25 ± 5.7 75 22 ± 3.0 0.006 
 
7 ~17 57 ± 8.3 43 56 ± 6.9 0.005 
 
8 ~34 78 ± 5.2 22 77 ± 4.7 0.001 
 
9 ~68 86 ± 3.5 14 86 ± 3.1 <0.0001 
 
10 ~170 91 ± 1.8 9.0 91 ± 1.2 <0.0001 
aEstimated anthocyanin concentration was calculated using the molecular mass of cyanidin-3-rutinoside 
(582 g/mol). 
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Table 5.7. Tabulation for electrophoresis results for Sugar Giant peach extract with Fe2+ 
(2 μM) and H2O2 (50 μM) at pH 6. 
 
Lane Concentration 
(μM)a 
% Supercoiled 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 0.8 ± 3.1 99.2 0 0  
 
6 ~1.7 3.7 ± 1.4 96.3 3.0 ± 1.3 0.06 
      
7 ~3.4 6.3 ± 0.93 93.7 5.7 ± 0.57 0.003 
 
8 ~6.9 15 ± 3.4 85 14 ± 3.5 0.02 
 
9 ~17 53 ± 1.9 47 54 ± 1.1 <0.0001 
 
10 ~34 79 ± 2.2 21 80 ± 0.89 <0.0001 
aEstimated anthocyanin concentration was calculated using the molecular mass of cyanidin-3-rutinoside 
(582 g/mol). 
 
 
Table 5.8. Tabulation for electrophoresis results for BY peach extract with Fe2+ (2 μM) 
and H2O2 (50 μM) at pH 6. 
 
Lane Concentration 
(μM)a 
% Supercoiled 
DNA 
% Nicked 
DNA 
% Damage 
Inhibition 
p-value 
5 0 1.3 ± 1.1 98.7 0 0 
 
6 ~1.7 23 ± 3.5 77 22 ± 4.5 0.01 
 
7 ~3.4 46 ± 5.6 54 45 ± 6.3 0.006 
 
8 ~6.9 76 ± 4.8 24 77 ± 5.0 0.001 
 
9 ~17 89 ± 1.6 11 90 ± 1.8 <0.0001 
 
10 ~34 99 ± 1.1 1.0 99 ± 1.2 <0.0001 
aEstimated anthocyanin concentration was calculated using the molecular mass of cyanidin-3-rutinoside 
(582 g/mol). 
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CHAPTER SIX 
CONCLUSIONS ABOUT THE ANTIOXIDANT ACTIVITIES OF INORGANIC 
SELENIUM, OXO-SULFUR, AND POLYPHENOL COMPOUNDS AND THE 
BIOLOGICAL IMPLICATIONS OF NANOPARTICLE FUNCTIONALIZATION 
 
Generation of hydroxyl radical (•OH) from oxidation of redox-active metals such 
as iron and copper by hydrogen peroxide (H2O2) causes DNA damage, resulting in 
mutations cell death, and diseases such as cancer,1 aging,2 arteriosclerosis, Alzheimer’s 
and Parkinson’s diseases.3-5 The ability of selenium, sulfur, and polyphenol compounds 
to exhibit antioxidant and/or pro-oxidant activities may be beneficial in the prevention or 
treatment of these diseases caused by oxidative stress.6-11  
Since most studies have focused on the antioxidant activity of organosulfur and 
organoselenium compounds, our experiments investigated four inorganic selenium 
compounds for their ability to prevent DNA damage produced by either iron or copper 
and hydrogen peroxide.12 The antioxidant efficacy of inorganic selenium compounds 
with iron-mediated DNA damage is complex, since these compounds exhibit both 
antioxidant and pro-oxidant properties depending on concentrations of the selenium 
compound or H2O2.12 However, inorganic selenium compounds are antioxidants with 
copper-mediated DNA damage. Oxidation state of the selenium atom of inorganic 
selenium compounds is important for the activities of these compounds. Inorganic 
selenium compounds in the +4 oxidation state, such as selenite and selenium dioxide, are 
capable of both inhibiting and producing DNA damage, whereas those with oxidation 
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states of -2 and +6 have no effect on iron- or copper-mediated DNA damage. From our 
experiments, iron or copper coordination is proven to be a novel mechanism for the 
antioxidant activity of Na2SeO3 and SeO2.  This iron-binding mechanism is also 
responsible for the pro-oxidant ability of SeO2 at low concentrations.12 Previous studies 
have shown that both inorganic and organic selenium compounds have application for 
use in dietary supplements, food products, and in the treatment and prevention of 
diseases. However, little is understood about the antioxidant activity and antioxidant 
mechanisms of these compounds.  Our results highlight the complexity of the antioxidant 
and pro-oxidant activities of inorganic selenium compounds and have elucidated a novel 
metal-binding mechanism for this activity. The results of this work will contribute to a 
better understanding of how inorganic selenium compounds exerts their effects, with 
great implications in determining proper nutritional quantities for fertilizers, food 
products, and supplements for disease prevention.  
Similar experiments investigating the effects of five oxo-sulfur compounds 
indicate that these compounds are generally more effective at inhibiting copper-mediated 
DNA damage than that produced by iron. This result suggests that the metal ion affects 
antioxidant activity. Methionine sulfoxide (MetSO) and methyl cysteine sulfoxide 
(MeCysSO) both prevented copper-mediated DNA damage, with low IC50 values (8.1-18 
μM), an effect not observed for iron-mediated DNA damage.13 In addition, oxidation 
state of the thiolate sulfur atom may also be a determining factor for prevention of DNA 
damage by Cu+/H2O2, but not against Fe2+/H2O2 generated DNA damage. Interestingly, 
methyl methane thiosulfonate (MMTS) is a pro-oxidant in the presence of Cu+/H2O2, but 
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exhibits a small amount of antioxidant activity with Fe2+/H2O2 DNA damage. While our 
experiments indicate that iron binding to MMTS is responsible for the observed 
antioxidant activity, copper coordination plays no role in the observed pro-oxidant 
activity of MMTS, indicating that radical generation may be involved.13  
The mechanisms for antioxidant and pro-oxidant activities of oxo-sulfur 
compounds are more complex than those for the inorganic selenium compounds. Copper 
coordination is a novel mechanism responsible for most, but not all, of the antioxidant 
properties of oxo-sulfur compounds. UV-vis spectroscopy of antioxidant sulfur 
compounds added to copper show Cu-S charge transfer bands at 240 nm, correlating to 
prevention of copper-mediated DNA damage.13 However, gel electrophoresis 
experiments show that copper-binding is only partly responsible for the antioxidant 
activity observed for oxo-sulfur compounds, and indicate that a second mechanism, most 
likely radical scavenging, is also responsible for additional antioxidant activity 
observed.13 Our results show the complex nature of the antioxidant effects and 
mechanisms for oxo-sulfur compounds, and give insight for disparities in disease 
prevention and treatment trials. Further investigations are therefore required to fully 
understand the mechanistic action of oxo-sulfur compounds advance treatment or 
prevention of disease with these or similar compounds. Additionally, since most oxo-
sulfur compounds are consumed in foods, it is essential to establish accurate nutritional 
requirements for these compounds to maintain proper health.  
Electrospray ionization mass spectroscopy (ESI-MS) experiments further support 
copper coordination as the mechanism for the antioxidant activity of both selenium and 
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sulfur compounds. Copper binds to selenium or sulfur compounds in a 1:1 ratio for most 
antioxidant sulfur compounds tested. Because several sulfur and selenium compounds 
that do not prevent copper-mediated DNA damage also show copper coordination in the 
mass spectrometry experiments, copper binding is required but not sufficient for the 
observed antioxidant activity. These studies suggest that the specific chemical properties 
of sulfur and selenium compounds, rather than the presence of sulfur or selenium alone, 
play an important role in determining antioxidant activity. 
Polyphenols such as epigallocatechin-3-gallate (EGCG) and quercetin (Q) have 
been shown to prevent DNA damage produced by Fe2+/H2O2. However, combination of 
these polyphenols with caffeine can affect their antioxidant ability. Comparatively, 
EGCG/caffeine (1:1 ratio) and EGCG alone have the same ability to prevent DNA 
damage. However, addition of caffeine to Q (1:1 ratio), significantly lowers the activity 
compared to Q alone. Our results show the importance of understanding the synergistic or 
antagonistic antioxidant activity of combining compounds commonly found in food. π-
stacking interactions have been shown to occur between polyphenols and caffeine,14 and 
these interactions may be responsible for the antioxidant activity changes when caffeine 
is combined with polyphenols. In addition to the gel electrophoresis experiments 
performed with one equivalent of caffeine, polyphenol compounds containing two gallol 
or catechol groups should be tested using two or more equivalents of caffeine to 
investigate whether π stacking of caffeine to both gallol or catechol groups affects 
antioxidant activity. Such studies will promote understanding of how these compounds 
interact with each other and how dietary combinations may modify antioxidant activity. 
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Additionally, since caffeine is structurally similar to DNA bases such as adenine and 
guanine, investigations to determine π-stacking interactions between polyphenol 
compounds and DNA bases will be beneficial in elucidating the effects of DNA 
interactions on polyphenol antioxidant activity.  
Since inorganic selenium compounds are consumed in dietary supplements that 
may contain other antioxidant compounds, combinations of these components also can be 
tested via gel electrophoresis experiments to determine whether such combinations alter 
the antioxidant efficacy inorganic selenium compounds. Similar experiments can be 
performed with the oxo-sulfur compounds in combination with allicin, alliin, and methyl 
cysteine sulfoxide since these are commonly found in garlic and synthesized garlic 
extracts.  Such experiments will elucidate the varying effects observed for inorganic 
selenium and oxo-sulfur compounds in the treatment or prevention of diseases. 
The ability of peach extracts obtained from the Abbott group at Clemson 
University to inhibit iron-mediated DNA damage was examined using four samples. 
Extract from the genetically modified peach (BY) is showed the most potent antioxidant 
activity at ~6.9 μM, followed by Red Globe, Lovell, and Sugar Giant peach extracts at 
the same concentration. The ability of peach extracts to inhibit iron-mediated DNA 
damage is a new area of research, and these preliminary experiments indicate that peach 
polyphenols do prevent iron-mediated oxidative DNA damage. Further experiments to 
determine the antioxidant ability of anthocyanins on copper-mediated DNA damage 
should also be performed, as well as to determine the anthocyanin compounds 
responsible for the observed DNA damage activity. It is expected that antioxidant activity 
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of anthocyanin to prevent Cu+/H2O2-mediated DNA damage will be different than that 
observed with Fe2+/H2O2 since such differences have been previously observed for 
polyphenol compounds.15 Because peaches are a widely consumed fruit, our results show 
that genetically modified peaches may be more beneficial for disease prevention due to 
their high antioxidant activity compared to unmodified, lower antioxidant peaches. Our 
preliminary results also support the need for breeding programs focused on producing 
genetically-modified peach cultivars with increased antioxidant properties and increased 
ability to prevent ROS-mediated DNA damage. 
The ability of ROS to induce DNA damage and cell death has been applied to 
photodynamic therapy (PDT) for the treatment of cancer. Tetraphenyl porphyrin (TPP)-
doped CP dot nanoparticles synthesized by the McNeill group at Clemson University 
have great potential for use as photosensitizers for PDT because of their high molar 
absorptivity (107-109 M-1 cm-1) and generation of singlet oxygen upon irradiation.16  
Irradiation of TPP-doped nanoparticles produces both DNA backbone and base damage, 
which increases with increasing irradiation time, thus supporting the use of these 
nanoparticles as effective and efficient photosensitizers for PDT. To further develop this 
work, experiments using the Fpg, Nth, and OGG enzymes to determine specific types of 
DNA base damage produced upon irradiation. Our results also provide proof-of-principle 
experiments to indicate that similar nanoparticle photosensitizer carriers may be effective 
for PDT. 
Apart from PDT, use of nanomaterials for medical applications is a quickly 
evolving field of research, making toxicity of such materials a serious concern. Our 
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preliminary experiments show that polyethylene glycol (PEG) can generate H2O2 and 
associate to iron in biologically relevant concentrations. These results suggest that PEG-
functionalized nanoparticles used for medical purposes may result in cytotoxicity due to 
hydroxyl radical formation upon reaction of iron and peroxide. However, to fully 
understand the toxic effects of functionalized nanoparticles, studies to further evaluate 
peroxide formation and metal association of these nanoparticles are necessary. In 
addition, the effects of functionalized nanoparticles can be performed to quantify the 
amount of DNA damage produced upon reaction of iron with H2O2. Investigating the 
toxicity of nanomaterials will provide direction for the design of less toxic nanoparticles 
for medicinal applications.  
These in vitro DNA damage studies are reliable for determining the antioxidant 
and pro-oxidant effects of inorganic selenium, oxo-sulfur, and polyphenol compounds. 
However, these experiments should be extended to cellular systems to further validate 
our in vitro results. Similar cellular studies can also be applied for determining the 
effectiveness and toxicity of doped or functionalized nanoparticles under more biological 
conditions. Ultimately, animal and clinical studies may be performed with inorganic 
selenium, oxo-sulfur, polyphenol compounds, and/or combinations of compounds with 
high antioxidant activity to better elucidate their ability and mechanisms of action in the 
prevention or treatment of disease. In addition, these studies will help in determining the 
most effective and efficient compounds or foods for supplementation to maintain good 
health, and prevent diseases produced by oxidative stress.  
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